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Abstract 
A method to conduct the one-pot, meta cyanation of arenes by iridium-catalyzed C-H 
borylation and copper-mediated cyanation of the resulting arylboronate esters is described in 
Chapter 2. This process relies on a previously unknown method to conduct the cyanation of 
arylboronic esters, and conditions for this new transformation are reported. Conditions for the 
copper-mediated cyanation of arylboronic acids are also reported.  By the resulting sequence of 
borylation and cyanation, 1,3-disubstituted and 1,2,3-trisubstituted arenes and heteroarenes 
containing halide, ketone, ester, amide and protected alcohol functionality are converted to the 
corresponding meta-substituted aryl nitriles.  
The utility of this methodology is demonstrated through the conversion of a protected 
2,6-disubstituted phenol to 4-cyano-2,6-dimethylphenol, which is an intermediate in the 
synthesis of the pharmaceutical Etravirine. The utility of the method is further demonstrated by 
the conversion of 3-chloro-5-methylbenzonitrile, produced through the one-pot C-H borylation 
and cyanation sequence, to the corresponding 3,5-disubstituted aldehydes, ketones, amides, 
carboxylic acids, tetrazoles, and benzyl amines. 
The properties and reactivities of iridium-trisboryl complexes containing different 
ancillary ligands and boryl ligands are reported in Chapter 3. A large difference in reactivity 
towards the borylation of C-H bonds is observed for a series of trisboryl complexes, and this 
difference is attributed to the electron-donating properties of the pinacolate vs. catecholate 
groups on the boryl ligands, and the steric and electronic properties of bipyridine vs. 
bisphosphine ancillary ligands. In addition, other boron reagents besides the common 
bis(piacolato)diboron were studied in the C-H borylation of arenes. A different diboron reagent, 
bis(hexyleneglycol)diboron, reacts with arenes to form arylboronate esters in good yields. 
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The borylation of secondary C-H bonds, specifically secondary C-H bonds of cyclic 
ethers, with a catalyst generated from tetramethylphenanthroline and an iridium precursor is 
reported in Chapter 4. This borylation occurs with unique selectivity for the C-H bonds located ! 
to the oxygen atoms over the weaker C-H bonds located " to oxygen atoms. Mechanistic studies 
imply that the C-H bond cleavage occurs directly at the ! position rather than at the " position 
followed by isomerization of a reaction intermediate. 
The preparation of aminoalkyl and alkoxyalkylboronate esters is described in Chapter 5. 
The products of these reactions directly undergo Suzuki-Miyaura cross-coupling reactions. 
Alternatively, the products can be isolated as air stable potassium trifluoroborate salts. Selective 
borylation between similar methyl groups is observed, based on subtle differences in the 
electronic properties of the substrate. 
Finally, the borylation of cyclopropanes catalyzed by the combination of (#6-mes)IrBpin3  
or [Ir(COD)OMe]2  and a phenanthroline derivative is reported in Chapter 6. The borylation 
occurs selectively at the methylene C-H bonds of the cyclopropane ring over methine or methyl 
C-H bonds. High diasteroselectivities were observed from reactions catalyzed by the 
combination of iridium and 2,9-Me2-phenanthroline. The cyclopropylboronate esters that are 
generated are versatile synthetic intermediates that can be converted to trifluoroborate salts, 
boronic acids, cyclopropylarenes, cyclopropylamines, and cyclopropanols. 
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Chapter 1. Overview of Transition Metal-Catalyzed C-H Bond Functionalization 
Reactions 
1.1 Introduction 
The activation and functionalization of C-H bonds with catalysts based on 
transition metals have a wide range of applications ranging from commodity-scale to fine 
chemical synthesis.1-3 Transition metal-catalyzed C-H functionalization reactions have 
the potential to revolutionize organic synthesis because of the many advantages that they 
provide. First, simple hydrocarbons are abundant and available at a relatively low cost 
making them an attractive alternative as reagents in organic synthesis compared to 
prefunctionalized or preactivated organic compounds, such as organic halides and 
organometallic reagents. In addition to providing a more economical approach in organic 
synthesis, these reactions can reduce waste and toxic byproducts associated with main-
group organometallic reagents that are commonly employed in cross-coupling reactions.  
 
Scheme 1.1. Example of C-H functionalization expediting organic synthesis. 
The elimination of preactivated or prefunctionalized organic compounds can 
decrease the number of steps in a synthetic sequence (Scheme 1.1) and streamline 
syntheses of biologically active molecules. In recent years, the ability of transition metal-
catalyzed C-H functionalization reactions to facilitate syntheses has been exemplified by 
the growing number of biologically active compounds and natural products that have 
H
R
X
R
FG
R
FG = NR2, OR, Ar
Conventional approach
X = I, Br, Cl, 
B(OR)2, SnR3, etc.
Direct route via C-H functionalization
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been synthesized with C-H functionalization reactions.2,4-5 Complex molecule synthesis is 
an excellent way to demonstrate the synthetic utility of new organic methods because the 
highly functionalized compounds clearly illustrate the strengths and limitations of 
synthetic methods. Figure 1.1 shows some of the C-H functionalization reactions that 
were used as part of recent complex-molecule syntheses.6-8 Since transition metal 
catalysts have diverse reactivity, C-H bonds can be converted into both C-C and C-X 
bonds, making these reactions very useful in complex molecule synthesis. 
 
Figure 1.1. Recent examples of C-H functionalization in total synthesis. 
Finally, complementary selectivity can be observed with C-H functionalization 
reactions compared to traditional methods. For instance, the functionalization of arenes 
by electrophilic aromatic substitution (EAS) reactions is controlled by the electronic 
properties of the arene and occurs at the most electron-rich position for activated 
substrates. On the other hand, a C-H functionalization method controlled by the steric 
properties of the substrate gives complementary selectivity (Scheme 1.2).9  
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Scheme 1.2.  Complementary selectivity with C-H functionalization reactions 
Although there are distinct advantages of C-H functionalization reactions, many 
challenges exist in the development of these processes. Typically, unactivated C-H bonds 
in simple arenes and alkanes are inert towards many types of transformations. Transition 
metals have been shown to react with these unactivated C-H bonds in simple 
hydrocarbons,10-14 and the metal-carbon bond resulting from C-H activation can then 
undergo many different types of reactions to form functionalized products. 
The primary focus of this review is to provide an overview of transition metal-
catalyzed C-H functionalization in organic synthesis. Although transition-metal catalysts 
can help to overcome the problem with the lack of reactivity of simple aromatic or 
aliphatic C-H bonds, the selective cleavage of these C-H bonds can be difficult. 
Achieving high site selectivity for a single C-H bond of interest in compounds that 
contain many C-H bonds with similar bond strengths and acidities is a major issue. 
Section 1.2 will provide an overview on methods and strategies to achieve high site 
selectivity in C-H functionalization reactions. Then a more thorough background on C-H 
borylation reactions, the topic of this thesis, will be presented in Section 1.3.  
1.2 Strategies for achieving site selectivity in C-H functionalization reactions 
There are a number of strategies to control the site selectivity for transition metal-
catalyzed C-H functionalization processes. These strategies can be grouped into three 
general categories: the C-H functionalization controlled by the electronic properties of 
R'RR'R R R'1. Borylation
2. Functionalization
R, R' = EDG
EASFG
FG
Traditional method C-H functionalization
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the substrate, chelation-assisted C-H functionalization, and the C-H functionalization 
controlled by the steric properties of the substrate. In this Section, an overview of these 
strategies is presented. 
1.2.1 Transition metal-catalyzed C-H functionalization based on the electronic 
properties of the substrate 
One method to achieve site selectivity in transition metal-catalyzed C-H 
functionalization reactions is to exploit the inherent electronic properties in a substrate. In 
these reactions, the substrates react at the most acidic C-H bond, weakest C-H bond, or 
most electron-rich C-H bond, depending on the reagent and catalyst. Some of these 
methods include carbene and nitrene insertion reactions, allylic and benzylic oxidations, 
electrophilic attack on arenes with transition metals, and the functionalization of acidic 
heteroarenes.  
Carbene insertion reactions convert C-H bonds into C-C bonds and have been 
studied extensively.15-16 A number of complexes of copper, dirhodium, and ruthenium 
complexes react with diazoalkane precursors to generate metal carbenes that react with 
aliphatic C-H bonds.17 These reactions typically occur at the methylene position instead 
of the tertiary or primary positions. In addition, the selectivity is strongly influenced by 
the electronic properties of the substrate. The metal-carbene intermediates react at the 
most acidic C-H bond, such as the 2-position in 5-membered cyclic ethers and amines 
(Scheme 1.3).18-19 The carbene precursors are often limited to stabilized diazo compounds 
that contain electron-withdrawing groups. Intramolecular reactions commonly are 
employed to achieve high site selectivity between methylene C-H bonds with similar 
! 5 
electronic properties.17 Many chiral catalysts have been developed for these processes, 
and these reactions can occur with high stereoselectivity. 
 
Scheme 1.3. Example of the common selectivity observed in carbene insertion reactions 
Metal-catalyzed nitrene insertion reactions occur with similar selectivity as the 
carbene insertion reactions described above.16 Alkenes containing a tethered sulfonamide 
undergo enantioselective amination at the allylic position in the presence of a rhodium 
catalyst (Scheme 1.4).20 Intermolecular nitrene insertions are known, but few examples of 
these processes have been reported.21  
 
Scheme 1.4. Rhodium-catalyzed nitrene insertion reactions 
In addition to rhodium-catalyzed C-H aminations, copper-catalyzed aminations 
have been reported.22 Although there are only a few examples of the highly 
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enantioselective copper-catalyzed nitrene insertions, a number of intermolecular 
examples have been reported (Scheme 1.5) 
 
Scheme 1.5. Intermolecular copper-catalyzed C-H amination 
 Transition metal catalysts have been employed to promote oxidation reactions of 
simple aliphatic substrates and tend to occur at the most electron-rich position favoring 
the oxidation of methine protons over methylene or methyl protons.3 The selectivity 
observed in metal-catalyzed C-H oxidation reactions is often similar to the selectivity 
observed with organic oxidants, such as oxaziridines or dioxiranes. In these reactions, the 
oxidation occurs at the C-H bond that is farthest from an electron-withdrawing group. A 
number of metal catalysts have been reported for these processes, including those derived 
from ruthenium and iron. Scheme 1.6 shows a comparison between transition metal 
catalysts and organic oxidants.23-25 In some cases, simple organic oxidants can 
outperform transition metal catalysts in these oxidation reactions.26-27 
 
Scheme 1.6. Oxidation reactions conducted with metal catalysts and organic reagents 
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Arenes can be functionalized selectively with transition metal catalysts based on 
their electronic properties. For instance, the C-H functionalization of arenes occurs at the 
most nucleophilic position with palladium and platinum complexes.28 This leads to 
similar selectivity to electrophilic aromatic substitution reactions. In these 
transformations, an electrophilic metal species, such as Pd(TFA)+ or Pt(TFA)+  (TFA = 
trifluoroacetate) generated in situ from Pd(OAc)2 or Pt(OAc)2  reacts with an arene at the 
most electron-rich position to generate a palladium- or platinum-aryl complex. Fujiwara 
and co-workers have studied these systems extensively and have shown that these 
intermediates react with alkynes and alkenes to form hydroarylation products.29 In 
addition, these aryl-palladium intermediates react to form phenols, styrene derivatives 
and benzoic acids (Scheme 1.7)28 
 
Scheme 1.7. C-H functionalization reactions catalyzed by electrophilic palladium 
complexes 
Heteroarenes can be functionalized at the 2-position based on the electronic 
properties. The selective C-H functionalization of acidic heteroarenes occurs via a 
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deprotonation and functionalization sequence (Scheme 1.8).30 Following deprotonation at 
the 2-position of the acidic heteroarene, transmetallation to a transition metal species 
occurs, usually with copper or palladium catalysts. The resulting heteroaryl 
organometallic intermediate reacts with a number of different electrophiles to form 
biaryls,31 amines,32 and nitriles.33  
 
Scheme 1.8.  C-H functionalization of acidic heteroarenes 
Pyridine N-oxides also react by a deprotonation and arylation sequence at the 2-
position. Fagnou and co-workers first reported the direct arylation of pyridine-N-oxides 
with aryl bromides in the presence of Pd(OAc)2, Pt-Bu3, and a weak base (Scheme 1.9).34 
This method works with a number of different oxidized heteroarenes, including 
imidazoles, oxazoles, and thiazoles. Recently, Chang and co-workers showed that arenes 
can directly react with heteroaryl-N-oxides.35 This method has been applied in a number 
of recent total syntheses.36-37 
 
Scheme 1.9. Palladium-catalyzed direct arylation of pyridine N-oxides 
1.2.2 Chelation-assisted C-H functionalization reactions 
One of the most commonly utilized approaches to control site selectivity in C-H 
functionalization reactions is through the use of a directing group. In these reactions, 
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some Lewis basic moiety, such as a carbonyl group or imino group, coordinates to a 
Lewis acidic transition metal center and facilitates activation of an adjacent C-H bond. 
Although the same selectivity is observed in base-mediated directed ortho metalation 
reactions,38 transition metal-catalyzed processes have several advantages over ortho 
metalation reactions. First, these reactions can occur without a strong base, which can 
limit the functional group compatibility of directed ortho metalation processes. Because 
these processes employ transition metals, the types of reactions that can be conducted are 
broad. For instance, in chelation-assisted C-H functionalization reactions, aryl C-H bonds 
react to generate arylation, alkylation, amination, oxidation, and carboxylation products.  
In addition, many different directing groups can be employed in these processes, 
including ketones, benzoic acids, imines, and alcohols. Thus, mono-substituted arenes 
can be converted into a wide variety of di-substituted arenes containing many different 
functional groups from simple starting materials. 
Murai and co-workers reported one of the first examples of transition metal-
catalyzed C-H functionalization that employs a directing group in 1993 (Scheme 1.10).39 
In this report, the carbonyl group of an aryl ketone was employed as a directing group. In 
this example, the carbonyl coordinates to the ruthenium center to facilitate C-H 
activation. Following C-H activation, a ruthenium-alkyl complex is formed and reacts 
with olefins to form hydroarylation products. These reactions occur with good yield and 
selectivity for the position ortho to the carbonyl group. 
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Scheme 1.10. Seminal carbonyl-directed C-H functionalization 
 Following this seminal report, many directed C-H functionalization processes 
have been reported with a number of different transition metals, most commonly with 
ruthenium, rhodium, and palladium.40-42 These processes generally give the ortho-
substituted product with good selectivity. A wide variety of chelating groups containing 
either basic oxygen or nitrogen moieties have been reported to facilitate C-H activation 
and are shown in Scheme 1.11.  
 
 
 
Scheme 1.11. Representative list of basic directing groups for metal-catalyzed C-H 
functionalization reactions.  
Of these metal-catalyzed processes, palladium catalysts have emerged to give 
some of the most synthetically useful C-H functionalization reactions for multiple 
reasons. Many functional groups can be used to direct these palladium-catalyzed 
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processes, increasing the scope of 1,2-difuctionalized arenes that can be generated. Also, 
the aryl-palladium intermediates have versatile reactivity, and the functionalization of 
these compounds can lead to many different 1,2-disubstituted arenes. 
Two general classes of reactions have been developed with palladium catalysts, 
those with weakly coordinating carbonyl groups  (such as amides, carboxylates, etc.) and 
those with strongly coordinating groups (such as pyridines, imines, etc.). Substrates 
containing nitrogen directing groups exhibit versatile reactivity and can be employed to 
install many different functional groups (Scheme 1.12) One of the earliest examples of 
the palladium-catalyzed C-H functionalization reactions that occur with nitrogen 
directing groups is the oxidation of ortho C-H bonds.43 More recently, these directing 
groups have been used to convert arenes into ortho-substituted aryl bromides,44 aryl 
sulfonates,45 anilines,45 and biaryl compounds.46 Substrates containing nitrogen-based 
directing groups also have been employed for arene fluorination47-48 and 
trifluoromethylation reactions,49 which are difficult to achieve even with cross-coupling 
methods. 
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Scheme 1.12. Palladium-catalyzed chelation-assisted C-H functionalization with nitrogen 
directing groups. 
Yu and co-workers have reported examples of directed C-H functionalization 
reactions with weakly coordinating carboxylates as directing groups.40 With these 
directing groups, ortho-selective alkylation,50 arylation,51 carboxylation,52 oxidation,53 
and iodination54 were demonstrated (Scheme 1.13). Along with benzoic acids, alcohols 
and amides have been used as directing groups to facilitate similar transformations. Many 
of the nitrogen-containing directing groups, such as pyridines or oxazolines, are less 
practical because they are less common functional groups, and further manipulation is 
often required. The removal of these directing groups can also be challenging. 
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Scheme 1.13. C-H functionalization reactions directed by acids 
Two mechanisms are commonly proposed for palladium-catalyzed C-H 
functionalization reactions. The mechanisms are shown in Schemes 1.14 and 1.15. In 
Scheme 1.14, the directing group coordinates to the metal center to facilitate C-H 
functionalization. Complex 1.2 undergoes a ligand exchange, followed by reductive 
elimination to generate the product. The resulting palladium(0) species is oxidized to 
palladium(II) (1.1) with an external oxidant, such as benzoquinone or silver salts, to 
complete the catalytic cycle.  
In the second mechanism, the directing group coordinates to the metal-center to 
facilitate the C-H functionalization. Complex 1.2 then is oxidized to generate a 
palladium(IV) intermediate (1.4), which undergoes reductive elimination to generate the 
product and regenerate 1.1. The primary difference between these two pathways is the 
proposed intermediacy of a palladium(IV) species in the second pathway.  
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Scheme 1.14. Mechanism of palladium(II/0)-catalyzed ortho C-H functionalization  
 
Scheme 1.15. Mechanism of palladium(II/IV)-catalyzed ortho C-H functionalization  
 The chelation-assisted C-H functionalization conducted with rhodium catalysts 
has also been studied extensively.41 Generally, these catalysts have been used for the 
formation of carbon-carbon bonds. Both intramolecular alkylation and intermolecular 
alkylation of arenes with olefins have been reported. The basic groups that coordinate to 
the metal center for these reactions are typically nitrogen-based directing groups, such as 
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imines or pyridines. Benzaldehydes with amine additives can also be used as a directing 
group through the formation of an imine in situ, followed by aqueous hydrolysis after the 
functionalization occurs (Scheme 1.16).55 Rhodium-catalyzed directed oxidative 
carbonylations have also been reported in the presence of an alcohol, carbon monoxide 
and an oxidant to form ortho-substituted esters.56  
 
 
Scheme 1.16. Carbonyl-directed rhodium-catalyzed C-H alkylation 
 Although most of the C-H functionalization reactions conducted with rhodium 
catalysts are limited to carbon-carbon bond formation, they do have distinct advantages 
over directed palladium-catalyzed C-H functionalization reactions. These reactions occur 
stereoselectively with chiral phosphine ligands (Scheme 1.17). Enantioselective C-H 
alkylation reactions have been used as a key step in complex molecule syntheses.57-58 In 
addition, rhodium-catalyzed C-H functionalization reactions can be used for the 
intermolecular arylation of imines.59 Another reaction unique to these systems is the 
formation of heterocycles. Unsaturated imines and alkynes react in the presence of a 
rhodium catalyst to form heterocycles, such as dihydropyridines or pyridines.60 
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Scheme 1.17. Synthesis of a PKC inhibitor via stereoselective rhodium-catalyzed C-H 
alkylation 
Another approach to directed C-H functionalization is silyl or silyloxy-directed C-
H functionalization. In these cases, a directing group forms a covalent bond with the 
metal center instead of a weak dative interaction (Scheme 1.18). This approach has been 
used in arene functionalization for the ortho-borylation of phenols,61 silylation of benzyl 
alcohols,62 and C-H borylation of indoles at the 7-position of the indole ring.63 Sawamura 
and co-workers reported another example of directed C-H borylation with a silica-
supported iridium catalyst.64-67 These catalysts reacted with amides, esters and ethers to 
form the ortho-borylation products. 
 
Scheme 1.18. Silyl-directed C-H functionalization 
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The chelation-assisted functionalization of aliphatic C-H bonds has also been 
reported; however, the scope of these processes is limited. Similar directing groups are 
employed for the directed functionalization of alkyl C-H bonds as for the directed 
functionalization of aryl C-H bonds (Scheme 1.19). The oxidation and halogenation of 
oximes and imines occur under similar reaction conditions as those for the arene C-H 
oxidation.68-70 The C-H arylation of aliphatic substrates has been reported with both 
arylboronic acids and aryl halides.71-73 Finally, silanes have been shown to direct 1,3-
oxygenation of alcohols via the silyl-directed process described above.74 
 
 
Scheme 1.19. Palladium-catalyzed aliphatic C-H functionalization 
1.2.3 C-H functionalization controlled by the steric properties of the substrate 
 Another method to achieve site selectivity in C-H functionalizations is by the 
steric properties of the substrates. Although the steric properties of substrates tend to have 
some influence on the selectivity in the C-H functionalization reactions described above, 
there are few examples of processes in which the selectivity is exclusively determined by 
the steric properties of the substrate. These sterically driven C-H functionalization 
reactions have an obvious advantage: a directing group is not required. In directed 
processes, the directing group frequently must be manipulated or removed.  
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 One well-developed method to functionalize arenes and alkanes through the steric 
properties of the substrate is the borylation of aliphatic and aromatic C-H bonds.9,75-76 
These methods occur with very high selectivity for the meta position of 1,3-disubstituted 
arenes or the primary position of alkanes. These reactions will be discussed in detail in 
Section 1.3. 
 Another method to functionalize arenes and heteroarenes through the steric 
properties of the substrate was reported by Yu and co-workers (Scheme 1.20). Arenes 
containing electron-withdrawing groups at the 1- and 3-positions react with olefins at the 
meta position to form vinyl arenes.77 The key to this reaction is a bulky pyridine ligand to 
functionalize the less sterically hindered meta position. These reactions require high 
catalyst loadings and are limited to highly electron-deficient arenes. Similar methods for 
the olefination and arylation of pyridines have been reported.78-79  
 
 
Scheme 1.20. Meta-olefination of electron-deficient arenes. 
1.3 Transition metal-catalyzed C-H borylation  
1.3.1 C-H borylation of arenes 
 The C-H borylation of arenes has become a powerful method to functionalize 
arenes based on their steric properties. In the last fifteen years, the C-H borylation of 
arenes has evolved from stoichiometric transformations that occur under photolytic 
conditions to highly active catalytic transformations that occur with as many as 25,000 
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turnovers.75 Marder and co-workers reported the first syntheses of trisboryl-iridium 
complexes in 1993.80 Although not mentioned in the text of the report, a GC-MS 
chromatogram in the Supporting Information showed the borylation of toluene (<1% 
yield) to give two isomers of tolylboronate ester. Further examples of the borylation of 
arenes with iridium complexes were not reported for a number of years. Stoichiometric 
reactions of transition-metal complexes of the general type Cp*M(CO)2(Bcat) (M = Fe, 
W; Cp* = pentamethylcyclopentadienyl; cat = catecholate) and M(CO)5(Bcat) (M = Re, 
Mn) with alkanes and arenes, under photolytic conditions, were reported by Hartwig and 
co-workers.81-83 Hartwig and co-workers reported the first catalytic C-H borylation of 
alkanes with Cp*Re(CO)3 and stoichiometric B2pin2 (bis-pinacolatodiboron) under 
photolytic conditions.84 However, no reports of the catalytic C-H borylations of arenes 
were reported under these conditions. 
 Hartwig and co-workers sought to perform the C-H borylation of arenes under 
catalytic and thermal conditions. Initial investigations focused on a number of transition-
metal complexes that contain Cp* ligands. Previous studies showed these complexes 
undergo oxidative addition of alkyl C-H bonds. Also, these Cp* complexes are known to 
react with diboron or borane reagents to generate boryl complexes. Early studies showed 
Cp*Ir complexes generated the alkylboronate ester product with about two turnovers. A 
significant advance in C-H borylation reactions was realized with the catalytic borylation 
of alkanes and arenes with Cp*Rh(!4-C6Me6) and B2pin2 as the stoichiometric boryl 
source, under thermal conditions instead of photolytic conditions (Scheme 1.21a).85 Smith 
and co-workers investigated the scope of the borylation of arenes with the same catalyst 
precursor employing HBpin (Scheme 1.21b).86 Arenes containing alkyl, trifluoromethyl, 
! 20 
alkoxy, amino, and alkoxycarbonyl groups underwent the borylation reactions to form the 
corresponding arylboronate ester product. In each case, the C-H bond at the most 
sterically accessible position is functionalized.  
 
Scheme 1.21. Rhodium-catalyzed C-H borylation under thermal conditions 
 Soon after rhodium catalysts were reported, iridium catalysts were reported for 
arene C-H borylation. Smith and co-workers investigated iridium-boryl complexes 
containing Cp* ligands. In 1999, they reported the C-H borylation of benzene with 
Cp*Ir(H)(PMe3)(Bpin) that occurred in about three turnovers.87 A few years later, Smith 
and Maleczka and co-workers reported the borylation of arenes with HBpin in the 
presence of (Ind)Ir(COD) (Ind = indenyl, COD = cyclooctadiene) and 1,2-
bis(dimethylphosphino)ethane (dmpe) or 1,2-bis(diphenylphosphino)ethane (dppe) at 150 
ºC (Scheme 1.22a).88 Concurrently with Smith and Maleczka’s report with an iridium 
complex and phosphine ligands, Ishiyama, Miyaura, Hartwig, and co-workers reported 
the borylation of arenes with B2pin2 with catalysts generated from [Ir(COD)Cl]2 and 
bipyridine or 4,4’-di-tert-butylbipyridine (dtbpy) at 80 ºC (Scheme 1.22b).89 Catalysts 
generated from an iridium(I) catalyst precursor and dtbpy as a ligand were much more 
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active for arene C-H borylation than catalysts with phosphine ligands. Most notably, 
reactions could be conducted in an inert solvent rather than in neat arene as with the 
conditions reported by Smith and Maleczka.  
 
Scheme 1.22. Iridium-catalyzed arene C-H borylation  
1.3.2 Synthetic applications of the C-H borylation of arenes 
The arylboronate esters that are formed in the C-H borylation of arenes are 
versatile synthetic intermediates and can be converted into many different functionalized 
arenes. Since steric effects of the substrate control the selectivity of C-H borylation, 
meta-substiuted arylboronate esters can be formed from 1,3-disubstituted arenes. The 
conversion of these boronate esters into other funtionalized arenes has served as a general 
platform for meta C-H functionalization of arenes.  
Smith and Maleczka and co-workers reported the one-pot formation of phenols 
from arenes through C-H borylation (Scheme 1.23). In this report, arylboronate esters 
were generated from the reaction of arenes with HBpin in the presence of (Ind)Ir(COD) 
and dmpe. Subsequent oxidation of the resulting arylboronate ester with Oxone formed 
the phenol product.90 Hartwig and co-workers reported the syntheses of aryl alkyl amines, 
diaryl amines, and diaryl ethers through Chan-Lam coupling reactions of alkyl amines, 
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aryl amines, or phenols with the arylboronate ester or boronic acid generated from C-H 
borylation (Scheme 1.23).91 With aryl amines or phenols as the coupling partners, the 
oxidative hydrolysis of the arylboronate ester to the arylboronic acid in the presence of 
NaIO4 and HCl was required.92 Perhaps one of the most practical methods developed to 
form meta-substituted products is the halogenation of meta-borylated arenes (Scheme 
1.23). The one-pot C-H halogenation occurs with excess CuX2 (X = Cl, Br) to convert the 
arylboronate esters into aryl halides.93 Finally, these arylboronate esters react with 
trifluoromethyl-copper complexes to generate meta-substituted benzotrifluorides.94 
 
Scheme 1.23. Meta functionalization via C-H borylation  
 Iridium-catalyzed C-H borylation has been used as part of a number of syntheses 
of natural product and biologically active compounds, which has demonstrated the power 
of this method to access arene products that contain meta substituents. Shibasaki and co-
workers utilized the iridium-catalyzed C-H borylation of a 1,2,3-trisubstituted arene (1.6) 
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130686 (Scheme 1.24).95 Hartwig and co-workers employed the iridium-catalyzed C-H 
borylation and copper-mediated bromination of a trisubstituted arene (1.8) to access a 
tetra-substituted arene (1.9) present in taiwaniaquinol B.96  
 
 
 
Scheme 1.24. Examples of meta-selective C-H borylation in total syntheses 
 The C-H borylation of heteroarenes has also been used in total syntheses. Gaunt 
and co-workers reported the total synthesis of rhazinicine, which commenced with the C-
H borylation of an N-Boc-protected pyrrole (1.10). The pyrrole is selectively 
functionalized at the 4-position (Scheme 1.25).97 The resulting 4-borylpyrrole underwent 
a Suzuki-Miyaura cross-coupling reaction with 2-nitroiodobenzene. More recently, 
Movassaghi and Han used the borylation of indoles that occurs at the most acidic two 
position of the indole (1.11) to form pseudo-symmetrical dimers (1.12), which were then 
elaborated to form the family of the trigonolimines (Scheme 1.25).98 
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Scheme 1.25. Examples of the C-H borylation of heteroarenes in total synthesis 
The borylation of pyridines also occurs with unique selectivity. Instead of 
undergoing borylation of the C-H bond at the more acidic position adjacent to nitrogen, 
the functionalization of 3-substituted pyridines occurs at the 5-position. Sarpong and co-
workers took advantage of this selectivity in the total synthesis of complanadine A that 
incorporated C-H borylation in the functionalization of a pyridine at the 5-position.99 The 
iridium-catalyzed C-H borylation of N-Boc-protected lycodine (1.13) provided the 5-
boryl lycodine product (1.14) (Scheme 1.26). After a Suzuki-Miyaura cross-coupling 
reaction and deprotection, complanadine A was formed. Utilizing this sequence, this 
boronic ester formed from C-H borylation was employed as a direct precursor to the 
related natural products lycopladine G and F. Sarpong and co-workers used this strategy 
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to form another member of this family in a recent synthesis of complanadine B.100 In 
Takemoto and Hirama’s synthesis of complanadines A and B, a dual C-H 
functionalization strategy was employed.37 First, C-H borylation and bromination of a 
similar intermediate (1.15) as in Sarpong’s synthesis led to an aryl bromide intermediate 
(1.16). This intermediate then reacted with a pyridine N-oxide (1.17) in a direct arylation 
reaction, discussed in Section 1.2.1, reaction to generate the complanadine product. 
 
 
Scheme 1.26. C-H borylation in the total synthesis of complanadines 
1.3.3 Aliphatic C-H borylation 
Like aromatic C-H borylation, aliphatic C-H borylation reactions occur with 
exquisite selectivity for the least sterically hindered C-H bond. For instance, the primary 
position of aliphatic C-H bonds is selectively functionalized over secondary or tertiary C-
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H bonds (Scheme 1.27). In the absence of primary C-H bonds, no reaction occurs, as 
when cyclohexane is the substrate. These reactions occur with rhodium or ruthenium 
catalysts, commonly containing Cp* ligands.85,101-102  
 
Scheme 1.27. Rhodium and ruthenium catalyzed C-H borylation 
Although the thermal, catalytic C-H borylation of aliphatic C-H bonds with 
rhodium catalysts was reported prior to iridium-catalyzed arene C-H borylation (vide 
supra), the development of these reactions has lagged behind arene C-H borylation. Some 
of the reasons for the lack of demonstration of the synthetic utility are the high reaction 
temperatures and the high concentration of substrate that are required for good yields of 
the alkylboronate ester product. This leads to a limited scope of the reaction.  
 Nevertheless, one interesting application of aliphatic C-H borylation is in the area 
of postfunctionalization of polyolefins. Hartwig, Hillmyer and co-workers developed a 
method to conduct the C-H borylation of polymers, including polyethylethylene, 
polypropylene, and polyethylene octene copolymers (Scheme 1.28).103-105 The boronate 
esters were then submitted to basic hydrogen peroxide to form the hydroxyl-capped 
polymers. The C-H borylation occurred with a predictable incorporation. If 0.07 
equivalents of B2pin2 were employed relative to the monomer, 7% of the borylated 
product was observed. This general method could be used for further modification of 
polymers through the borylation and oxidation sequence followed by amination or 
oxidation of the resulting alcohols with iridium or palladium catalysts (Scheme 1.29). 
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Scheme 1.28. C-H Borylation of polyolefins. 
 
Scheme 1.29. Polymer capping through rhodium-catalyzed C-H borylation. 
1.4 Conclusions and objectives 
Transition metal-catalyzed C-H functionalization reactions have had a great 
impact on synthesis throughout the past few decades. The ability of these processes to 
decrease the number of steps in a synthetic sequence and decrease waste of chemical 
processes makes them attractive alternatives to traditional organic transformations. Also, 
these processes can occur with complementary selectivity relative to classical organic 
transformations, such as Friedel-Crafts reactions. The number of recent examples in 
complex molecule synthesis has demonstrated the power of these methods. 
Metal-catalyzed C-H borylation reactions occur at the least sterically hindered 
position. This unique selectivity along with the diverse reactivity of arylboronate esters 
has been used to form many different meta-substituted arenes. Recently, these C-H 
borylation reactions have been employed in a number of total syntheses. Clearly, the 
borylation of C-H bonds has tremendous advantages over C-H functionalization 
processes that occur based on the electronic properties of the substrate or that occur with 
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a directing group because of the versatility of the products and the complementary 
selectivity that is observed in these reactions. The following chapters of this thesis will 
describe recent advances in C-H borylation, including 1) the meta-cyanation of arenes via 
C-H borylation, 2) studies of the effects of boryl and ancillary ligands in iridium-
catalyzed borylation reactions, 3) development of a new method to conduct secondary C-
H borylation for the first time, 4) expansion of the scope of primary C-H borylation, and 
5) development of a method for the C-H borylation of cyclopropanes. 
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Chapter 2. Cyanation of Arenes via Iridium-Catalyzed Borylation 1 
2.1 Introduction 
Aromatic and heteroaromatic nitriles are in dyes, herbicides, pharmaceuticals, and 
natural products.2 Such nitriles have been formed by the Rosenmund-von Braun3-4 and 
Sandmeyer5 reactions involving stoichiometric copper(I) cyanide and aryl halides or 
diazonium salts, respectively (Scheme 2.1A). More recently, palladium-2,6-10 or copper-
catalyzed11-13 reactions of cyanide with aryl halides have been reported (Scheme 2.1B). 
These reactions typically occur under mild conditions and allow for a greater functional 
group tolerance than Rosenmund-von Braun or Sandmeyer reactions.  
 
 
Scheme 2.1. Common approaches to form aromatic nitriles 
Palladium-catalyzed, copper-mediated reactions of arylboronic acids with 
benzylthiocyanate,14 or oxidative cyanations of azoles with hypervalent iodine reagents15-
16 have also been reported recently. A few palladium-catalyzed cyanations of arenes that 
contain a directing group17-18 or of heteroarenes that have an acidic C-H bond have been 
reported recently19 (Scheme 2.2), but a method to conduct cyanations of arenes that lack a 
functional group at the point of reaction or at a position to direct C-H bond cleavage was 
unknown. 
X
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B
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Scheme 2.2. Methods for the C-H cyanation of arenes and heteroarenes 
A number of methods have been developed to take advantage of the steric- 
controlled selectivity observed in the C-H borylation of arenes. For instance, 1,3-
disubstituted arenes have been converted into meta-substituted phenols,20 aryl chlorides 
and bromides,21 aryl amines and ethers,22 and arylboronic acids,23 through C-H borylation 
and subsequent functionalization of the arylboronate ester intermediate. A method for the 
cyanation of arenes that exploits the iridium-catalyzed borylation of arenes was 
envisioned.24-27 The discovery of a method to convert an arylboronate ester to an aryl 
nitrile, in conjunction with the iridium-catalyzed borylation of C-H bonds, would create a 
new route to aromatic nitriles. Such a cyanation of arenes by C-H borylation and copper-
mediated conversion of the intermediate arylboronate ester to the corresponding aryl 
nitrile is described in this Chapter. This undirected C-H cyanation occurs with 
regioselectivity that is controlled by steric effects and complements the regioselectivity 
from conventional halogenation and cyanation of the resulting aryl halide. The utility of 
our new process extends beyond the synthesis of aromatic nitriles because of the facile 
conversions of aromatic nitriles to the corresponding aldehydes, ketones, amides, 
carboxylic acids, and benzylamines.28  
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2.2 Results and Discussion 
A C-H cyanation based on arene borylation, requires a new transformation for the 
conversion of arylboronate esters to aromatic nitriles. Attempts to convert the 
arylboronate esters into benzontriles with a previously reported method by Liebeskind 
and coworkers for the cyanation of arylboronic acids did not yield any benzonitrile 
product.14 To identify conditions for the cyanation of arylboronate esters, a series of 
copper reagents and cyanide sources were tested. The reaction of the pinacol ester of 3,5-
dimethylphenylboronic acid (2.1) with Zn(CN)2 in the presence of CsF or KOH with 1.5 
equiv of added Cu(OAc)2, which has commonly been employed in Chan-Lam coupling 
reactions, generated the corresponding benzonitrile product in less than 10% yield (Table 
2.1, entry 1). However, this reaction with 1.5 equiv of copper(II) nitrate in place of 
copper acetate formed the product in 64% yield (entry 4). This copper species was the 
only one we found to promote this reaction in yields above 40%.  
Reactions of the boronate ester with Cu(NO3)2 and acetone cyanohydrin or 
Zn(CN)2 as the cyanide source in the presence of CsF or KOH occurred in 60-68% yield 
(entries 4, 6, and 10), but reactions with K4[Fe(CN)6], NaCN, TsCN, and CuCN (entries 
5, and 7-9) as the cyanide source gave less than 5% yield of the aromatic nitrile. A 
fluoride or hydroxide base was needed, presumably to activate the arylboronate ester by 
generating an intermediate borate (entry 14). Reactions conducted in a solvent 
combination of MeOH and water generated the product in higher yields than those 
conducted in other polar solvents, such as DMSO, DMF, or t-BuOH (entries 15-18). 
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Table 2.1. Effect of reaction conditions on yields 
 
entry [Cu] [CN–] base bolvent yield (%)1 
1 Cu(OAc)2 Zn(CN)2 KOH MeOH/H2O 8 
2 CuCN Zn(CN)2 CsF MeOH/H2O 0 
3 CuSO4 Zn(CN)2 KOH DMF/H2O 32 
4 Cu(NO3)2 Zn(CN)2 CsF MeOH/H2O 64 
5 Cu(NO3)2 K4[Fe(CN)6] CsF MeOH/H2O <5 
6 Cu(NO3)2 (CH3)2C(OH)CN CsF MeOH/H2O 67 
7 Cu(NO3)2 CuCN CsF MeOH/H2O 0 
8 Cu(NO3)2 Tosyl Cyanide CsF MeOH/H2O 0 
9 Cu(NO3)2 NaCN CsF MeOH/H2O <5 
10 Cu(NO3)2 Zn(CN)2 KOH MeOH/H2O 60 
11 Cu(NO3)2 Zn(CN)2 K3PO4 MeOH/H2O 22 
12 Cu(NO3)2 Zn(CN)2 K2CO3 MeOH/H2O 56 
13 Cu(NO3)2 Zn(CN)2 KF MeOH/H2O 41 
14 Cu(NO3)2 Zn(CN)2 No Base MeOH/H2O 0 
15 Cu(NO3)2 Zn(CN)2 CsF DMF/H2O 55 
16 Cu(NO3)2 Zn(CN)2 CsF DMSO/H2O 53 
17 Cu(NO3)2 Zn(CN)2 CsF MeOH 54 
18 Cu(NO3)2 Zn(CN)2 CsF t-BuOH/H2O 43 
1General Conditions: 0.10 mmol arylboronate ester, 1.5 equiv [Cu], 3 equiv [CN–], 1 equiv base, 0.5 mL 
solvent, 100 ºC, 12 h. Yield determined by GC analysis with dodecane as internal standard.  
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 With the conditions just described for the cyanation of arylboronate esters, a one-
pot sequence to convert 1,3-disubstituted or 1,2,3-trisubstitued arenes and heteroarenes to 
aromatic and heteroaromatic nitriles was developed (Table 2.2). The borylation of 1,3-
disubstituted arenes in the presence of bis-pinacolatodiboron (B2pin2), [Ir(COD)OMe]2, 
and di-tert-butylbipyridine (dtbpy) in THF at 80 ºC over 18 h produced arylboronate 
esters, which were converted to the aromatic nitriles by evaporation of the volatile 
materials, dissolution of the residue in MeOH, addition of Cu(NO3)2•3H2O, Zn(CN)2, 
CsF, and H2O and heating at 100 ºC for 3-6 h. The reaction sequence occurred with alkyl- 
and alkoxy-substituted arenes (entries 1-3). Arenes containing fluorides, chlorides, 
bromides, and iodides (entries 4-7) afforded the product without detectable amounts of 
product from dehalogenation. In addition, the reaction occurred with arenes containing 
alkylcarbonyl, aminocarbonyl, alkoxycarbonyl, and protected phenolic hydroxyl groups 
(entries 8-11). Finally, the reaction of 2,6-disubstituted pyridines produced 4-
cyanopryridine products (entries 12-13). Reactions of a variety of protected anilines were 
also studied, but the corresponding protected aminobenzontrile product was not generated 
under the standard conditions. Reactions of other heteroarenes that undergo C-H 
borylation reactions to form 2- or 3-borylheteroarenes, such as indole or 3-picoline, were 
conducted under these conditions, but large amounts of products from homocoupling or 
protodeborylation of the pinacol boronate esters occurred. 
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Table 2.2. Cyanation of arenes via iridium-catalyzed borylation 
 
 
entry product yielda entry product yielda 
1b 
 
60% 7 
 
61% 
2 
 
55% 8 
 
62% 
3 
 
53% 9d 
 
66% 
4 
 
63% 
(59%)c 10 
 
65% 
5 
 
67% 11d 
 
51% 
6d 
 
57% 
12e 
 
13e 
 
R = Me 
61% 
R = Cl 
60% 
 
aYield of isolated product from the one-pot procedure (0.50 mmol scale). bBorylation with 0.50 mol % 
[Ir(COD)OMe]2 and 1.0 mol % dtbpy. cBorylation with 1.5 mol % [Ir(COD)OMe]2 and 3.0 mol % dtbpy. 
dBorylation with 3.0 mol % [Ir(COD)OMe]2 and 6.0 mol % dtbpy. 
 
X
R1
R2
+   B2pin2
1. [Ir(COD)OMe]2 (0.1 mol %)
    dtbpy (0.2 mol %), THF, 80 ºC, 18 h
    evaporation of volatile materials X
R1
R2
CNH 2. Cu(NO3)2•3H2O (2 equiv)
    Zn(CN)2 (3 equiv), CsF (1 equiv)
    MeOH/H2O (2.5 : 1), 100 ºC, 3-6 h
Me
Me
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Me
Me
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MeO
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MeO
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The copper-mediated cyanation of arylboron compounds also occurs with 
arylboronic acids (Table 2.3). The reaction of arylboronic acids with Zn(CN)2 in the 
presence of Cu(NO3)2 and CsF formed the aromatic nitrile at lower temperatures and 
after shorter times than the reactions of pinacol boronate esters with the same reagents. 
Lower temperatures were required to suppress protodeborylation, which was the major 
byproduct in these reactions. Under these conditions, arylboronic acids containing 
electron-donating (entries 1-2) and electron-withdrawing (entries 3-4) groups formed 
benzonitriles in 68-70% yield. This oxidative coupling provides a method for the 
preparation of aromatic nitriles that complements palladium-catalyzed cyanation. For 
example, the copper-mediated cyanation of boronic acids containing chloride, bromide, 
and iodide formed the corresponding halogenated benzonitriles in good yield (entries 4, 
6-7).  In addition, styrenyl and pyridyl boronic acids (entries 8-9) underwent the coupling 
reaction in moderate yield. 
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Table 2.3. Conversion of arylboronic acids to benzonitriles 
 
 
entry product yielda entry product yielda 
1 
 
68% 5 
 
67% 
2 
 
70% 
6 
 
7  
X = Br 
58% 
X = I 
62% 
3 
 
68% 8 
 
65% 
4 
 
69% 9 
 
61% 
 
a Yield of isolated product (0.50 mmol scale). 
 
A number of non-nucleoside reverse transcriptase inhibitors that are potent anti-
HIV compounds contain arenes possessing cyano groups located meta to the other 
substituents.29 For example, Etravirine (Scheme 2.3) is a recently approved drug for the 
treatment of HIV that is prepared from 4-cyano-2,6-dimethylphenol. By the one-pot C-H 
cyanation sequence reported here, a protected 2,6-dimethylphenol was converted to 4-
cyano-2,6-dimethylphenol in 58% isolated yield. The in situ cleavage of the protecting 
group occurred under these reaction conditions. This borylation and cyanation sequence 
would provide a method to access many different meta-substituted benzonitriles for 
biological studies. 
B(OH)2
Cu(NO3)2•3H2O (2 equiv)
Zn(CN)2 (3 equiv), CsF (1 equiv)R
CN
RMeOH/H2O (2.5 : 1), 80 ºC, 2h
CN
Me
Me
CN
NO2
CN
Me
MeO
CN
X
CN
CO2Me
CN
CN
Cl
Cl
N
CN
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Scheme 2.3. Synthesis of trisubstituted benzonitrile in Etravirin 
 
a. [Ir(COD)OMe]2 (1.5 mol %), dtbpy (3.0 mol %), THF, 80 ºC, 16 h, evaporation; b. Cu(NO3)2•3H2O (2 
equiv), Zn(CN)2 (3 equiv), CsF (1 equiv), MeOH/H2O (2.5 : 1), 100 ºC, 4 h, 58% yield. 
 
Scheme 2.4. Functionalization of meta-substituted benzonitriles  
a. KOH, t-BuOH, 60 ºC, 4 h, 94%. b. AcOH, H2O, H2SO4, reflux, 5 h, 94% c. DIBAL-H, Et2O, 22 ºC, 5 h; 
HCl (10%), 68%. d. LiAlH4, Et2O, 22 ºC, 5 h, 86%. e. ZnBr2, NaN3, H2O, i-PrOH, reflux, 24 h; HCl (3 N), 
65%, f. MeMgBr,  Et2O, 48 h, reflux; HCl (10%), 74%. 
In some cases benzonitriles are the desired final product, but in many cases they 
are used as intermediates to generate products containing related functionality resulting 
from reaction of the cyano group. The series of reactions in Scheme 2.4 of a prototypical 
3,5-disubstituted aromatic nitrile prepared by the C-H borylation to form 1,3,5-
O
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trisubstituted arene products underscores the versatility of the cyanation process. As 
shown, 3-chloro-5-methylbenzonitrile was converted in a straightforward fashion to the 
corresponding primary benzamide, benzoic acid, benzaldehyde, benzylamine, and 
aromatic ketone. In addition, this sequence leads to products with a tetrazole, which can 
function as bioisosteric replacement for a carboxylic acids, in the mutually meta position 
of a 1,3-disubstituted arene.30 
 
2.3 Conclusions and Future Directions 
In summary, the first copper-mediated oxidative cyanation of arylboronate esters 
and arylboronic acids was developed. The use of this procedure creates a route to meta-
substituted benzonitriles containing a variety of functional groups. Since benzonitriles are 
versatile synthetic intermediates, many different meta-substituted arenes can be formed 
by this procedure. This allows access to many different meta-functionalized arenes that 
contain functional groups that are not tolerated in the C-H borylation of arenes, including 
benzoic acids, aldehydes, tetrazoles, primary benzamides, and benzyl amines (Scheme 
2.4) 
To further take advantage of the steric-controlled selectivity in the C-H borylation 
of arenes, other methods to functionalize the boronate esters have been investigated. 
Previously, it was shown that aryl amines and aryl ethers can be formed through Chan-
Lam coupling reactions.22 In many cases, it was necessary to conduct the oxidative 
hydrolysis to the boronic acid prior to the cross-coupling reaction. The use of harsh 
oxidation conditions, such as NaIO4, that are required to cleave the pinacolate group 
limits the scope of these transformations. Preliminary results show that these arylboronate 
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esters can be converted into nitrogen-containing compounds directly, including primary 
aryl amines (Scheme 2.5) and aryl azides (Scheme 2.6) in moderate yields. Future studies 
will focus on the development of the scope of these transformations. 
Scheme 2.5. Formation of meta-substituted primary anilines through C-H borylation 
 
Scheme 2.6. Formation of meta-substituted aryl azides through C-H borylation 
 
 
 
  
Me
CO2Me
Bpin Me
CO2Me
NH2
Cu(OAc)2 (2 equiv) 
NH3 (aq, 40 equiv)
KOH (4 equiv)
CH3CN, 22 ºC, 4 h
64%
Me
Me
Bpin Me
CO2Me
NH2
CuCl (10 mol %) 
TMSN3 (1.2 equiv)
TBAF (1.2 equiv)
MeOH, 70 ºC, 12 h
68%
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2.4 Experimental  
General Experimental Details 
All borylation reactions were conducted under a nitrogen atmosphere in an Innovative 
Technologies drybox. The cyanation reactions were conducted under an atmosphere of 
air in 20 mL vials sealed with Teflon-lined caps. All other reactions were conducted 
under a nitrogen atmosphere unless otherwise noted. Borylation reactions were 
performed using THF that was degassed by purging with argon for 45 min and then dried 
with a solvent purification system using a 1 m column containing activated alumina.  For 
the conversion of arylboronic acids and esters to aryl nitriles, distilled water and ACS 
reagent grade methanol was used as received. [Ir(COD)OMe]2 was obtained from 
Johnson-Matthey and used as received. 4,4’-di-tert-butylbipyridine was obtained from 
Sigma-Aldrich Chemicals and used as received.  B2pin2 was obtained from Allychem and 
used as received. Arenes were purchased from Sigma-Aldrich and used as received. 
Arylboronic acids were purchased from Sigma-Aldrich or Combi-Blocks and used as 
received. Cu(NO3)2•3H2O (99.5%) was purchased from Strem chemicals. Zn(CN)2 (98%) 
and CsF were purchased from Sigma-Aldrich and used as received. LiAlH4, DIBAL-H, 
NaN3, KOH, t-BuOH, MeMgBr, and ZnBr2 were purchased from Sigma-Aldrich and 
were used as received. 
 
Flash column chromatography was performed on Silicylce Siala-P silica gel or on a 
Teledyne Isco CombiFlash Rf automated chromatography system with 4 g RediSep Rf 
Gold normal-phase silica columns.  Products were visualized on TLC plates by UV (254 
nm) or by staining with KMnO4. GC-MS data were obtained on an Agilent 6890-N GC 
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system containing an Alltech EC-1 capillary column and an Agilent 5973 mass selective 
detector. NMR spectra were acquired on a 400 MHz Varian Unity instrument or on 500 
MHz Varian Unity or Inova instruments at the University of Illinois VOICE NMR 
facility.  Chemical shifts are reported in ppm relative to a residual solvent peak (CDCl3 = 
7.26 ppm for 1H and 77.23 ppm for 13C; (CD3)2CO = 2.05 for 1H and 29.8 for 13C). 
Elemental analyses were conducted by the University of Illinois at Urbana-Champaign 
Microanalysis Laboratory or Robertson Microlit Laboratories (Madison, NJ, USA).  
 
The methoxymethyl-protected phenols were prepared by reaction of meta-cresol or 2,6-
dimethylphenol with NaH and chloromethyl methyl ether in THF by a known 
procedure.31 
General Procedure for One-pot Generation of Benzonitriles via C–H Borylation.  
In a nitrogen-filled glove box, arene (0.50 mmol), B2pin2 (95.3 mg, 0.375 mmol), and a 
stock solution of precatalyst and ligand in THF (1.0 mL) were combined in a 20 mL vial. 
The stock solution contained 0.33 mg [Ir(COD)(OMe)]2 (0.50 !mol)  0.27 mg dtbpy (1.0 
!mol) per 1 mL THF .  The reaction mixture was heated in a sealed vessel at 80 °C for 16 
h.  The red solution was then cooled to room temperature, and the volatile materials were 
evaporated under reduced pressure for 2 h.  The residue was then dissolved in 2.5 mL 
MeOH and Cu(NO3)2•3H2O (242 mg, 1.00 mmol), Zn(CN)2 (176 mg, 1.50 mmol), and 
CsF (76.0 mg, 0.500 mmol) were added to the reaction vessel followed by H2O (1.0 mL).  
The reaction vessel was sealed with a Teflon-lined cap, and the green suspension was 
stirred vigorously at 100 ºC for 3-6 h. Reaction progress was monitored by GC-MS.  
After this time, the reaction mixture was cooled to room temperature. A saturated 
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solution of NH4Cl (4 mL) was added, and the product was extracted with EtOAc (4 x 15 
mL). The organic layers were combined, washed with brine, dried with Na2SO4 
(anhydrous), filtered, and concentrated under vacuum.  The crude product was purified 
by column chromatography on silica gel with a gradient of 100:0 to 95:5 hexanes:EtOAc. 
Alternate elutents are described for individual examples. 
3,5-dimethylbenzonitrile.32 Prepared according to the general 
procedure from m-xylene (61 !L, 0.50 mmol) with a catalyst loading of 
[Ir(COD)OMe]2 (1.7 mg, 2.5 !mol), and dtbpy (1.3 mg, 5.0 !mol) for 
the borylation reaction and a reaction time of 5 h for the cyanation of the resulting 
arylboronate ester. The crude mixture was purified by flash column chromatography 
(100:0 to 95:5 hexanes:EtOAc) to give the nitrile product as a white solid in 60% yield 
(40. mg, 0.30 mmol). 1H NMR (CDCl3) : ! 7.23 (s, 2H), 7.18 (s, 1H), 2.31 (s, 6H); 13C 
NMR : ! 139.0, 134.5, 129.6, 119.1, 112.0, 21.0. 
3-methoxy-5-methylbenzonitrile. Prepared according to the general 
procedure from 3-methylanisole (63 !L, 0.50 mmol) with a catalyst 
loading of [Ir(COD)OMe]2 (0.33 mg, 0.50 !mol), and dtbpy (0.27 mg, 
1.0 !mol) for the borylation reaction and a reaction time of 6 h for the cyanation of the 
resulting arylboronate ester. The crude mixture was purified by flash column 
chromatography (100:0 to 95:5 hexanes:EtOAc) to give the nitrile product as a white 
solid in 55% yield (40.3 mg, 0.273 mmol). 1H NMR (CDCl3) : ! 7.05 (s, 1H), 6.94 (s, 
1H), 6.93 (s,1H), 3.80 (s, 3H), 2.35 (s, 3H). 13C NMR : ! 151.9, 141.1, 125.3, 120.5, 
119.1, 114.1, 113.0, 55.4, 25.2. Anal Calc’d for C9H9NO : C, 73.45; H, 6.16; N, 9.52 
Found : C, 73.37; H, 6.44; N, 9.17. 
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3,5-dimethoxybenzonitrile.33 Prepared according to the general 
procedure from 1,3-dimethoxybenzene (66 !L, 0.50 mmol) with a 
catalyst loading of [Ir(COD)OMe]2 (0.33 mg, 0.50 !mol), and dtbpy 
(0.27 mg, 1.0 !mol) for the borylation reaction and a reaction time of 6 h for the 
cyanation of the resulting arylboronate ester. The crude mixture was purified by flash 
column chromatography (100:0 to 95:5 hexanes:EtOAc) to give the nitrile product as a 
white solid in 53% yield (43.2 mg, 0.264 mmol). 1H NMR (CDCl3) : ! 6.76 (d, J = 2.5 
Hz, 2H), 6.65 (t, J = 2.5 Hz, 1H), 3.81 (s, 6H); 13C NMR (CDCl3) : 161.3, 119.1, 113.7, 
110.2, 106.0, 59.0.  
 3-chloro-5-methylbenzonitrile.21 Prepared according to the general 
procedure from 1-chloro-3-methylbenzene (59 !L, 0.50 mmol) with a 
catalyst loading of [Ir(COD)OMe]2 (0.33 mg, 0.50 !mol), and dtbpy 
(0.27 mg, 1.0 !mol) for the borylation reaction and a reaction time of 6 h for the 
cyanation of the resulting arylboronate ester. The crude mixture was purified by flash 
column chromatography (100:0 to 95:5 hexanes:EtOAc) to give the nitrile product as a 
white solid in 63% yield (47.9 mg, 0.316 mmol). 1H NMR (CDCl3) : ! 7.45 (s, 1H), 7.41 
(s, 1H), 7.36 (s, 1H), 2.31 (s, 3H); 13C NMR : ! 141.5, 135.3, 134.3, 131.2, 129.4,  118.0, 
112.0, 21.35. 
3-bromo-5-methoxybenzonitrile. Prepared according to the general 
procedure from 1-bromo-3-methoxybenzene (64 !L, 0.50 mmol) with a 
catalyst loading of [Ir(COD)OMe]2 (0.33 mg, 0.50 !mol), and dtbpy 
(0.27 mg, 1.0 !mol) for the borylation reaction and a reaction time of 6 h for the 
cyanation of the resulting arylboronate ester. The crude mixture was purified by flash 
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column chromatography (100:0 to 95:5 hexanes:EtOAc) to give the nitrile product as a 
white solid in 67% yield (71.3 mg, 0.336 mmol). 1H NMR (CDCl3) : ! 7.36 (t, J = 2.4 
Hz, 1H), 7.28 (t, J = 2.4 Hz, 1H), 7.09 (dd, J = 1.2 Hz, 1H) 3.83 (s, 3H) 13C NMR : ! 
160.6, 127.3, 123.8, 122.7, 117.6, 116.7, 114.8, 56.3. Anal Calc’d for C8H6BrNO : C, 
45.31; H, 2.85; N, 6.61 Found : C, 45.15; H, 2.72; N, 6.47. 
3-iodo-5-methylbenzonitrile. Prepared according to the general 
procedure from 3-iodotoluene (64 !L, 0.50 mmol) with a catalyst 
loading of [Ir(COD)OMe]2 (5.0 mg, 7.5 !mol), and dtbpy (4.0 mg, 15 
!mol) for the borylation reaction and a reaction time of 4 h for the cyanation of the 
resulting arylboronate ester. The crude mixture was purified by flash column 
chromatography (100:0 to 95:5 hexanes:EtOAc) to give the nitrile product as a white 
solid in 57% yield (69.0 mg, 0.284 mmol). 1H NMR (CDCl3) : !  7.28 (2 overlapping 
peaks, 2H), 6.93 (s, 1H), 1.85 (s, 3H). 13C NMR : ! 142.9, 141.7, 137.9, 132.2, 118.2, 
114.8, 94.0, 21.3. Anal Calc’d for C8H6IN : C, 39.53; H, 2.49; N, 5.76 Found : C, 39.52; 
H, 2.22; N, 5.64. 
4-fluoro-3,5-dimethylbenzonitrile. Prepared according to the general 
procedure from 2,6-dimethylfluorobenzene (67 !L, 0.50 mmol) with a 
catalyst loading of [Ir(COD)OMe]2 (0.33 mg, 0.5 !mol) and dtbpy (0.27 
mg, 1.0 !mol) for the borylation reaction and a reaction time of 3 h for the cyanation of 
the resulting arylboronate ester. The crude mixture was purified by flash column 
chromatography (100:0 to 95:5 hexanes:EtOAc) to give the nitrile product as a white 
solid in 61% yield (45.8 mg, 0.305 mmol). 1H NMR (CDCl3) : !  7.35 (d, 2 H, J = 4 Hz, 
1H), 2.30 (d, 2 H, J = 4 Hz, 1H). 13C NMR (CDCl3) : ! 133.3, 127.2, 118.8, 108.0, 14.3. 
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19F NMR (CDCl3) : ! -111.7. Anal Calc’d for C9H8FN : C, 72.47; H, 5.41; N, 9.39. 
Found : C, 72.12; H, 5.20; N, 9.27. 
3-cyano-5-methyl-N,N-diethylbenzamide. Prepared according to 
the general procedure from N,N-diethyl-m-toluamide (96 !L, 0.50 
mmol) with a catalyst loading of [Ir(COD)OMe]2 (5.0 mg, 7.5 
!mol), and dtbpy (4.0 mg, 15 !mol) for the borylation reaction and a reaction time of 4 h 
for the cyanation of the resulting arylboronate ester. The crude mixture was purified by 
flash column chromatography (100:0 to 90:10 hexanes:i-PrOH) to give the nitrile product 
as a colorless oil in 66% yield (71.0 mg, 0.328 mmol). 1H NMR (CDCl3) : ! 7.49 (s, 1H), 
7.45 (s, 1H), 7.41 (s, 1H), 3.54 (br s, 2H), 3.21 (br s, 2H), 2.42 (s, 3H), 1.23 (br s, 3H), 
1.10 (br s, 3H). 13C NMR (CDCl3) : ! 169.2, 140.2, 138.6, 133.3, 131.7, 127.1, 118.5, 
112.7, 43.6, 39.7, 21.4, 14.4, 13.0. HRMS Calc'd : 216.12627. Found : 216.12500. 
 
5-methyl-3-cyanomethylbenzoate. Prepared according to the 
general procedure from methyl-m-toluate (71 !L, 0.50 mmol) with a 
catalyst loading of [Ir(COD)OMe]2 (0.33 mg, 0.5 !mol) and dtbpy 
(0.27 mg, 1.0 !mol) for the borylation reaction and a reaction time of 6 h for the 
cyanation of the resulting arylboronate ester. The crude mixture was purified by flash 
column chromatography (100:0 to 90:10 hexanes:EtOAc) to give the nitrile product as a 
white solid in 66% yield (57.1 mg, 0.326 mmol). 1H NMR (CDCl3) : ! 8.12 (s, 1H), 8.07 
(s, 1H), 7.63 (s, 1H), 3.94 (s, 3H), 2.47 (s, 3H); 13C NMR : ! 156.6, 140.2, 136.7, 134.8, 
131.6, 130.8, 118.4, 113.0, 53.0, 21.4. Anal Calc’d for C10H9NO2 : C, 68.56; H, 5.18; N, 
8.00 Found : C, 68.58; H, 5.12; N, 8.01. 
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3-bromo-5-propionylbenzonitrile. Prepared according to the general 
procedure from 1-(3-bromophenyl)propan-1-one (106 mg, 0.500 
mmol) with a catalyst loading of [Ir(COD)OMe]2 (0.33 mg, 0.5 !mol) 
and dtbpy (0.27 mg, 1.0 !mol) for the borylation reaction and a reaction time of 3 h for 
the cyanation of the resulting arylboronate ester. The crude mixture was purified by flash 
column chromatography (100:0 to 95:5 hexanes:EtOAc) to give the nitrile product as a 
white solid in 62% yield (74.2 mg, 0.312 mmol). 1H NMR (CDCl3) : ! 8.29, 8.15, 7.95, 
2.99 (q, J = 7 Hz, 2H), 1.25 (t, J = 7 Hz, 3H). 13C NMR : ! 197.7, 139.3, 138.4, 135.5, 
130.4, 123.9, 116.8, 115.0, 32.4, 8.1. Anal Calc’d for C10H8BrNO : C, 50.45; H, 3.39; N, 
5.88. Found : C, 50.71; H, 3.25; N, 5.80. 
3-methoxymethyl-5-methylbenzonitrile. Prepared according to the 
general procedure from 1-(methoxymethoxy)-3-methylbenzene (76 
mg, 0.50 mmol)  with a catalyst loading of [Ir(COD)OMe]2 (5.0 mg, 
7.5 !mol), and dtbpy (4.0 mg, 15 !mol) for the borylation reaction and a reaction time of 
3 h for the cyanation of the resulting arylboronate ester. The crude mixture was purified 
by flash column chromatography (100:0 to 95:5 hexanes:EtOAc) to give the nitrile 
product as a colorless oil in 51% yield (44.1 mg, 0.249 mmol). 1H NMR (CDCl3) : ! 7.12  
(s, 1H), 7.10 (s, 1H), 7.07 (s, 1H), 5.16 (s, 2H), 3.47 (s, 3H), 2.35 (s, 3H). 13C NMR : ! 
157.5, 141.1, 126.4, 122.1, 119.0, 117.0, 113.1, 94.6, 56.4, 21.5.  Anal Calc’d for 
C10H11NO2 : C, 67.78; H, 6.26; N, 7.90. Found : C, 67.78; H, 6.25; N, 7.68. 
4-cyano-2,6-lutidine.34 Prepared according to the general procedure from 
2,6-lutidine  (58 !L, 0.50 mmol)  with a catalyst loading of 
[Ir(COD)OMe]2 (9.9 mg, 15 !mol), and dtbpy (8.1 mg, 30. !mol) for the 
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borylation reaction and a reaction time of 4 h for the cyanation of the resulting 
arylboronate ester. The crude mixture was purified by flash column chromatography 
(100:0 to 95:5 CDCl3:i-PrOH) to give the nitrile product as a white solid in 61% yield 
(40.1 mg, 0.304 mmol). 1H NMR (CDCl3) : ! 7.20 (s, 2H), 2.59 (s, 6H); 13C NMR : ! 
159.7, 122.0, 121.0, 117.2, 24.7.   
2,6-dichloro-4-cyanopyridine. Prepared according to the general 
procedure from 2,6-dichloropyridine  (74 mg, 0.50 mmol)  with a 
catalyst loading of [Ir(COD)OMe]2 (9.9 mg, 15 !mol), and dtbpy (8.1 
mg, 30. !mol) for the borylation reaction and a reaction time of 3 h for the cyanation of 
the resulting arylboronate ester. The crude mixture was purified by flash column 
chromatography (100:0 to 90:10 hexanes:EtOAc) to give the nitrile product as a white 
solid in 60% yield (49.9 mg, 0.289 mmol). 1H NMR (CDCl3) : ! 7.52 (s, 2H); 13C NMR 
(CDCl3) : ! 152.4, 125.1, 125.0, 114.5. Anal Calc’d for C6H2Cl2N2 :  C, 41.66; H, 1.17; 
N, 16.19. Found : C, 41.53; H, 1.13; N, 15.94. 
4-hydroxy-3,5-dimethylbenzonitrile. Prepared according to the 
general procedure from 1-(methoxymethoxy)-2,6-dimethylbenzene 
(83 mg, 0.50 mmol)  with a catalyst loading of [Ir(COD)OMe]2 (5.0 
mg, 7.5 !mol), and dtbpy (4.0 mg, 15 !mol) for the borylation reaction and a reaction 
time of 4 h for the cyanation of the resulting arylboronate ester. The crude mixture was 
purified by flash column chromatography (100:0 to 95:5 hexanes:EtOAc) to give the 
nitrile product as a white solid in 58% yield (42.7 mg, 0.290 mmol). The methoxymethyl 
protecting group was cleaved under the standard reaction conditions. The protecting 
group was not cleaved when the protected hydroxyl group was located meta to the cyano 
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substitutent (Table 1, Entry 11). 1H NMR (CDCl3) : ! 7.29 (s, 2H), 5.16 (br s, 1H), 2.26 
(s, 6H). 13C NMR (CDCl3): ! 156.3, 133.1, 124.4, 119.5, 106.3, 15.7. Anal Calc’d for 
C9H9NO : C, 73.45; H, 6.16; N, 9.52. Found : C, 73.60; H, 6.19; N, 9.24. 
General Procedure for the Cyanation of Arylboronic Acids.  
In a 20 mL vial containing a stirbar, the arylboronic acid was dissolved in 2.5 mL MeOH. 
Cu(NO3)2•3H2O (242 mg, 1.00 mmol), Zn(CN)2 (176 mg, 1.50 mmol), and CsF (76.0 
mg, 0.500 mmol) were added to the reaction vial, followed by H2O (1.0 mL). The 
reaction was sealed with a Teflon-lined cap under an atmosphere of air and heated to 80 
ºC for 2 h. After heating, the reaction mixture was cooled to room temperature. A 
saturated solution of NH4Cl (4 mL) was added, and the product was extracted with 
EtOAc (4 x 15 mL). The organic layers were combined, washed with brine, dried with 
Na2SO4 (anhydrous), filtered, and concentrated under vacuum.  The product was then 
purified by column chromatography on silica gel eluting with a mixture of 5% EtOAc: 
95% hexanes. Alternate elutents used are described for individual examples.  
3,4-dimethylbenzonitrile.35 Prepared according the general procedure 
with 3,4-dimethylphenylboronic acid (85 mg, 0.50 mmol). The crude 
mixture was purified by flash column chromatography (100:0 to 95:5 
hexanes:EtOAc) to give the nitrile product as a white solid in 68% yield (44.5 mg, 0.339 
mmol). 1H NMR (CDCl3) : ! 7.42 (s, 1H), 7.40 (d, 1H, J = 8.0 Hz), 7.22 (d, 1H, J = 8.0 
Hz), 2.33 (s, 3H), 2.29 (s, 3H).  13C NMR (CDCl3) : ! 142.9, 138.1, 131.2, 130.1, 129.9, 
119.4, 109.6, 20.5, 19.3. 
4-methoxy-3-methylbenzonitrile. Prepared according the general 
procedure with 4-methoxy-3-methylphenylboronic acid (83 mg, 0.50 MeO
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mmol. The crude mixture was purified by flash column chromatography (100:0 to 95:5 
hexanes:EtOAc) to give the nitrile product as a white solid in 70% yield (51.6 mg, 0.350 
mmol). 1H NMR (CDCl3) : ! 7.49 (d, 1H, J = 8.8 Hz), 7.40 (s, 1H), 6.85 (d, 1H, J = 8.8 
Hz), 3.88 (s, 3H), 2.23 (s, 3H). 13C NMR (CDCl3) : ! 161.8, 134.1, 132.3, 128.4, 120.0, 
110.7, 103.6, 55.7, 16.2. Anal Calc’d for C9H9NO : C, 73.45; H, 6.16; N, 9.62. Found : C, 
73.18; H, 6.01; N, 9.36. 
3,5-dichlorobenzonitrile Prepared according the general procedure 
with 3,5-dichlorophenylboronic acid (95 mg, 0.50 mmol). The crude 
mixture was purified by flash column chromatography (100:0 to 95:5 
hexanes:EtOAc) to give the nitrile product as a white solid in 69% yield (59.0 mg, 0.343 
mmol). 1H NMR (CDCl3) : ! 7.59 (s, 1H), 7.53 (s, 2H). 13C NMR (CDCl3) : ! 136.4, 
133.6, 130.5, 116.4, 115.2. Anal Calc’d for C7H3Cl2N : C, 48.88; H, 1.76; N, 8.14. Found 
: C, 48.60; H, 1.53; N, 7.92. 
 
methyl-3-cyanobenzoate. Prepared according the general procedure with 3-
(methoxycarbonyl)phenylboronic acid (90. mg, 0.50 mmol) The crude 
mixture was purified by flash column chromatography (100:0 to 90:10 
hexanes:EtOAc) to give the nitrile product as a white solid in 68% yield (54.6 mg, 0.339 
mmol).1H NMR (CDCl3) : ! 8.28 (s, 1H), 8.23 (d, 1H, J = 7.6 Hz), 7.81 (d, 1H, J = 7.6 
Hz), 7.55 (t, 1H, J = 7.6 Hz), 3.92 (s, 3H). 13C NMR (CDCl3) : ! 165.3, 136.2, 133.9, 
133.5, 131.6, 129.7, 118.1, 113.1, 52.9. Anal Calc’d for C9H7NO2 : C, 67.07; H, 4.38; N, 
8.69. Found : C, 67.10; H, 4.16; N, 8.51. 
4-iodobenzonitrile.36 Prepared according the general procedure with 4-
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iodophenylboronic acid (124 mg, 0.500 mmol). The crude mixture was purified by flash 
column chromatography (100:0 to 95:5 hexanes:EtOAc) to give the nitrile product as a 
white solid in 62% yield (70.7 mg, 0.309 mmol). 1H NMR (CDCl3) : ! 7.85 (dd, J = 1.6 
Hz, 8.4 Hz, 2H), 7.37 (dd, J = 1.6 Hz, 8.4 Hz, 2H). 13C NMR (CDCl3) : !139.0, 131.4, 
118.5, 111.9, 100.6. 
4-bromobenzonitrile.37 Prepared according the general procedure with 
4-bromophenylboronic acid (100. mg, 0.500 mmol). The crude mixture 
was purified by flash column chromatography (100:0 to 95:5 hexanes:EtOAc) to give the 
nitrile product as a white solid in 58% yield (52.7 mg, 0.290 mmol).1H NMR (CDCl3) : ! 
7.64 (dd, J = 2.0 Hz, 6.8 Hz, 2H),  (7.53, dd, J = 2.0 Hz, 6.8 Hz, 2H). 13C NMR (CDCl3) : 
! 133.8, 132.8, 128.3, 118.6, 111.7. 
Synthesis of 3-chloro-5-methylbenzamide. The hydrolysis of 3-
chloro-5-methylbenzonitrile was performed by a modified 
literature procedure.38 In a vial containing a stirbar, 3-chloro-5-
methylbenzonitrile (76 mg, 0.50 mmol) was dissolved in t-BuOH (10. mL). Solid KOH 
(420 mg, 7.5 mmol) was added, and the reaction was sealed under an atmosphere of air. 
The reaction was heated at 60 ºC for 4 h. After full conversion occurred, as determined 
by GC-MS, H2O (10 mL) was added, and the solution was extracted with EtOAc (3 x 25 
mL). The combined organic layers were washed with brine, dried with Na2SO4, filtered, 
and concentrated under vacuum. The product was purified by column chromatography on 
silica gel, eluting with a mixture of 5% i-PrOH in CHCl3 to yield a white solid in 94% 
yield (79.9 mg, 0.471 mmol). 1H NMR (CDCl3) : ! 7.58 (s, 1H), 7.50 (s, 1H), 7.31 (s, 
1H), 6.27 (br s, 2H), 2.38 (s, 3H). 13C NMR : ! 168.9, 140.7, 135.9, 134.9, 132.8, 126.6, 
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124.9, 21.4. Anal Calc’d for C8H8ClNO : C, 56.65; H, 4.75; N, 8.26. Found : C, 56.64; H, 
4.82; N, 8.20. 
Synthesis of 3-chloro-5-methylbenzoic Acid. The hydrolysis of 3-
chloro-5-methylbenzonitrile (76 mg, 0.50 mmol) was performed by a 
modified literature procedure.39 In a 10 mL round bottom flask 
containing a stirbar, 3-chloro-5-methylbenzonitrile and AcOH (1 mL) was added to form 
a homogenous solution. H2O (1 mL) and H2SO4 (1 mL) were added to create a 
heterogenous solution. A reflux condenser was attached to the flask and the reaction was 
heated to 120 °C for 1 h. The reaction was then refluxed for 5 h. After cooling to room 
temperature, NaOH (2M) was added dropwise at 0 °C until pH=14. The suspension was 
diluted with H2O until all the solids dissolved. The solution was then washed with EtOAc 
(2 x 20 mL). HCl (concentrated) was added dropwise until the pH=1. The suspension was 
then extracted with EtOAc (3 x 30 mL). The combined organic layers were washed with 
brine, dried with MgSO4, filtered, and concentrated. The resulting waxy, white solid was 
azeotroped with heptane (3x) to yield a white solid in 94% yield (80.0 mg, 0.469 mmol). 
1H NMR (CDCl3) : ! 7.89 (s, 1H), 7.81 (s, 1H), 7.41 (s, 1H), 2.41 (s, 3H). 13C NMR 
(CDCl3) : ! 171.4, 140.4, 134.8, 134.7, 130.0, 127.7, 21.4. Anal Calc’d for C8H7ClO2 : C, 
56.32; H, 4.14; N, 0.00. Found C, 56.09; H, 4.01; N, <0.02. 
Synthesis of 3-chloro-5-methylbenzaldehyde. The partial reduction of 
3-chloro-5-methylbenzonitrile was conducted by a modified literature 
procedure.40 To a stirred solution of 3-chloro-5-methylbenzonitrile (76 
mg, 0.50 mmol) in hexanes at 0 ºC under an atmosphere of nitrogen, 
diisopropylaluminum hydride in hexanes (1.2 mL, 1.2 mmol, 2.5 equiv, 1M) was added 
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dropwise. The solution was allowed to warm to room temperature and stirred for 5 h. HCl 
(10%) was then added to the light yellow solution. The reaction was stirred for 30 min at 
room temperature. The reaction was extracted with Et2O (3 x 20 mL). The combined 
organic layers were washed with NaHCO3 (sat’d) and brine, dried with MgSO4 
(anhydrous), filtered, and concentrated. The crude product was purified by column 
chromatography (0:100 to 5:95 EtOAc:hexanes) to afford a colorless liquid in 68% yield 
(53 mg, 0.34 mmol).   1H NMR (CDCl3) : ! 9.93 (s, 1H), 7.64 (s, 1H), 7.56 (s, 1H), 7.41 
(s,1H), 2.42 (s, 3H). 13C NMR (CDCl3) : ! 191.3, 141.1, 137.9, 135.3, 135.2, 128.8, 
126.9, 21.3. Anal Calc’d for C8H7ClO : C, 62.15; H, 4.56; N, 0. Found : C, 62.13; H, 
4.76; N, 0.22.  
Synthesis of 3-chloro-5-methylbenzyl Amine. The reduction of  3-
chloro-5-methylbenzonitrile was conducted by a modified literature 
procedure.41 In a nitrogen-filled glovebox, LiAlH4 (57 mg, 1.5 mmol) 
and dry Et2O (2 mL) (-35 °C) were added to a vial containing a stirbar. A solution of 3-
chloro-5-methylbenzonitrile (76 mg, 0.50 mmol) in 2 mL Et2O (-35 °C) was then added 
dropwise to the stirred suspension of LiAlH4. The reaction was sealed and allowed to 
warm to room temperature. The grey suspension was stirred for 5 h. The reaction was 
cooled to 0 °C, and H2O (0.2 mL) was added, followed by NaOH (0.2 mL, 2M) and H2O 
(0.2 mL). The suspension was filtered and washed with Et2O (50 mL). The solution was 
washed with brine, dried with MgSO4 (anhydrous), filtered, and concentrated under 
vacuum. The product was purified by flash column chromatography (2 : 2 : 96 MeOH : 
Et3N : DCM) to yield a colorless oil in 86% yield (67.0 mg, 0.431 mmol). 1H NMR 
(CDCl3) : ! 7.09 (s, 1H), 7.03 (s, 1H), 6.99 (s, 1H), 3.79 (s, 2H), 2.31 (s, 3H), 1.41 (s, 
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2H). 13C NMR (CDCl3) : ! 145.3, 140.2, 134.3, 127.7, 126.3, 124.5, 46.2, 21.4. Anal 
Calc’d for C8H10ClN : C, 61.74; H, 6.48; N, 9.00. Found : C, 61.47; H, 5.67; N, 8.69. 
Synthesis of 5-(3-chloro-5-methylphenyl)-1H-tetrazole. 3-chloro-5-
methylbenzonitrile was converted to the corresponding tetrazole by a 
modified literature procedure.42 In a 10 mL round bottom flask 
containing a stirbar, 3-chloro-5-methylbenzonitrile (76 mg, 0.50 mmol), ZnBr2 (110 mg, 
0.50 mmol), and NaN3 (39 mg, 0.60 mmol) were added. H2O (1.5 mL) and i-PrOH (0.5 
mL) were added to form a white suspension.  A reflux condenser was placed on the flask, 
and the reaction was heated at 100 ºC for 30 h until full conversion of the benzonitrile 
was observed by GC-MS. HCl (3N, 1.5 mL) and EtOAc (5mL) were added until a 
homogenous solution was formed with a pH = 1. The organic layer was separated, and 
the aqueous layer was extracted with EtOAc (2 x 20 mL). The organic layers were 
concentrated under vacuum. NaOH (0.25 N, 10 mL) was added, and the mixture was 
stirred for 30 min. The suspension was filtered and washed with NaOH (0.25 N, 20 mL). 
HCl (3N, 2 mL) was added and the product precipitated. The suspension was filtered, 
washed with HCl (3N, 2 x 4 mL), and water (2 x 10 mL). The product was then dried 
under vacuum and azeotroped with heptane (3 x 4 mL). A white solid was obtained in 
65% yield (63 mg, 0.32 mmol). 1H NMR ((CD3)CO) : ! 7.89 (s, 1H), 7.87 (s, 1H), 7.40 
(s, 1H), 2.41 (s, 3H). 13C NMR ((CD3)CO) : ! 196.9, 142.4, 135.2, 132.1, 127.7, 127.0, 
124.7, 21.0. Anal Calc’d for C8H10ClN4 : C, 49.37; H, 3.63; N, 28.79. Found : C, 49.07; 
H, 3.43; N, 28.53.  
Synthesis of 3-chloro-5-methylacetophenone. 3-Chloro-5-
methylacetophenone was prepared by a modified literature procedure.43 
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N N
N
H
N
Me
Cl
O
Me
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To a 10 mL round bottom flask containing a stirbar, was added 3-chloro-5-
methylbenzonitrile (76 mg, 0.50 mmol). The nitrile was dissolved in dry Et2O (3 mL). 
The flask was sealed with a septum and purged with N2. A solution of MeMgBr (3M, 
0.50 mL, 1.5 mmol) was added dropwise. The septum was replaced with a reflux 
condenser, and the solution was refluxed for 48 h to yield a light yellow solution. After 
cooling to room temperature, the reaction was added to a mixture of Et2O (6 mL), ice 
water (5 mL), and HCl (10%, 5 mL). After mixing, the aqueous layer was transferred to a 
round bottom flask and refluxed for one hour. After cooling to room temperature, the 
mixture was extracted with Et2O (4 x 10 mL). The combined organic layers were washed 
with NaHCO3 (sat’d) and brine, dried with MgSO4 (anhydrous), filtered, and 
concentrated under vacuum. The product was purified by flash column chromatography 
to yield a colorless oil in 68% yield (56.8 mg, 0.338 mmol). 1H NMR (CDCl3) : ! 7.72 (s, 
1H), 7.64 (s, 1H), 7.36 (s, 1H), 2.58 (s, 3H), 2.41 (s, 3H). 13C NMR (CDCl3) : ! 197.3, 
140.6, 138.8, 135.7, 133.8, 127.4, 125.9, 27.0, 21.4. Anal Calc’d for C9H9ClO : C, 64.11; 
H, 5.38, N, 0.00. Found : C, 64.36; H, 5.41; N, <0.02. 
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Chapter 3. Study of the Effects of Boryl and Ancillary Ligands in Iridium-Catalyzed 
Borylation Reactions1 
3.1 Introduction 
 Metal-catalyzed borylations of aryl C-H bonds have become a selective and 
convenient method to generate arylboronate esters from arenes and either pinacolborane 
or bis-pinacolato diboron reagents.2-6 These reactions occur with iridium or rhodium 
catalysts at the least sterically hindered position of arenes. For instance, 1,3-disubstituted 
arenes are converted to 3,5-disubstituted arylboronate esters. This selectivity has been 
used to conduct the meta C-H functionalization of arenes, including the meta-cyanation 
of arenes that was discussed in Chapter 2.  
 The most active catalyst for this process is generated from the combination of an 
iridium(I) precursor and 4,4’-di-tert-butylbipyridine (dtbpy) as a ligand, and the most 
effective reagents contain pinacolate groups (pin) on boron. Detailed mechanistic studies 
have shown that the reactions catalyzed by iridium(I) and dtbpy occur by generation of 
iridium-trisboryl complexes and reaction of these trisboryl complexes with arenes to form 
arylboronate esters in the turnover-limiting step.5,7 
 A number of studies were performed to elucidate the mechanism of the iridium-
catalyzed C-H borylation of arenes. In Smith and Maleczka’s initial report of these 
reactions, two complexes, Ir(Bpin)(PMe3)4 and Ir(Bpin)3(PMe3)2 were prepared.4 Both 
complexes reacted readily with benzene to yield PhBpin. However, only the trisboryl-
iridium complex reacted with iodobenzene to generate meta- and para-C6H4I(Bpin) in the 
same isomeric ratio as were observed in the catalytic reaction suggesting the trisboryl 
complex is a catalytic intermediate. Ishiyama, Miyaura, Hartwig, and coworkers initially 
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isolated Ir(dtbpy)(!2-COE)(Bpin)3 (COE = cyclooctene) (3.1) from a reaction containing 
[Ir(coe)2Cl]2 (10 mol %),  dtbpy (20 mol %), and excess B2pin2 in 15% yield.6 The yields 
and selectivities observed in reactions of 3.1 with trifluoromethylbenzene, toluene, and 
1,2-dichlorobenzene were similar to those obtained in the catalytic reactions.6-7  
 The stoichiometric reactivity of the trisboryl-complex 3.1 was studied.7 The 
reaction of 3.1 in benzene-d6 generated 3 equiv C6D5Bpin per trisboryl complex. It was 
proposed that either an iridium-trisboryl or iridium-monoboryl complex, which is 
generated upon reductive elimination of B2pin2, was the active species for the C-H 
activation step. To probe whether the C-H activation was occurring through an 
iridium(I)- or iridium(III)- complex, the reactivity of 3.1 with 1,2-dichlorobenzene in the 
presence of B2pin2-d24 was studied by 1H NMR spectroscopy. The formation of the 
arylboronate ester product was observed prior to formation of B2pin2, which indicates 
that the C-H activation occurs with the trisboryl complex rather than the monoboryl 
complex. Kinetic studies of the reaction of arenes and B2pin2 catalyzed by 3.1 revealed 
that the reaction is first-order in arene, zero-order in B2pin2, and inverse first order in 
cyclooctene.  A primary kinetic isotope effect was also observed, which indicates the C-
H bond is cleaved during the turnover-limiting step. On the basis of these data, the 
overall catalytic cycle shown in Figure 3.1 was proposed.  
  
 69 
 
Figure 3.1. Proposed catalytic cycle in iridium-catalyzed C-H borylation of arenes 
 The origins of the effect of the substituents at boron and the dative ligands on the 
composition, structure and reactivity of the catalytic intermediates in this borylation 
process was assessed. The results from these studies on intermediates containing 
substituted catecholboryl groups (Bcat*) and dtbpy or an alkylbisphosphine as the dative 
ligand will be discussed in Chapter 3. These changes in substituents on boron and ligands 
at the metal, relative to those in the previously reported and characterized 
[Ir(dtbpy)(Bpin)3(cyclooctene)], create remarkable changes in structure, reactivity and 
energetics, which are reported here. 
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3.2 Results and Discussion 
3.2.1 Preparation and reactivity of iridium-trisboryl complexes 
 The trisboryl complex 3.1, which readily dissociates COE to form the 16-electron 
species [Ir(dtbpy)(Bpin)3] that is an intermediate in the catalytic borylation of arenes was 
previously isolated.7 Although the reaction of [Ir(COD)(OMe)]2 (COD = cyclooctadiene), 
dtbpy, HBpin and COE to form 3.1 occurred in high yield, analogous reactions conducted 
with catecholboranes did not lead to the analogous trisboryl complex. Thus, an alternative 
route to complexes of the type [Ir(dtbpy)[B(OR)2]3(COE)] was sought. The reaction of 
dtbpy with [Ir(p-xylene)(Bcat*)3],8 and 10 equiv of COE formed 
[Ir(dtbpy)(Bcat*)3(cyclooctene)] (3.2) in 86% isolated yield (Scheme 3.1). The tert-butyl 
substituted catecholate was used to increase the solubility of the boryl complex and to 
prevent borylation of the boryl ligand. This complex contained resonances for the bound 
COE at 5.11 and 1.51 ppm, and one set of catecholate groups (vide infra). The 11B NMR 
consisted of a single broad resonance at 34 ppm.  
 
Scheme 3.1. Synthesis of trisboryl complexes containing catechol groups on boron 
 Free COE exchanges with the bound COE in 3.2 on the NMR timescale. A 
solution of 3.2 and 3 equivalents of COE in methylcyclohexane-d14 contained a single set 
of resonances for the free and bound olefin. At –25 °C, resonances for both free (! 5.61) 
and bound COE (! 4.78) were observed. This exchange process occurs on a timescale 
similar to that of the exchange of free COE with the bound COE in pinacolboryl complex 
N
N
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3.1.7 This process with 3.2 was shown to be dissociative,7 and a similar dissociation from 
3.2, followed by site exchanges within the resulting five-coordinate intermediates, would 
account for the equivalence of the Bcat groups cis and trans to the COE ligand in 3.2. 
An ORTEP diagram of complex 3.2 is shown in Figure 3.2. The structural 
parameters about the metal center in both 3.1 and 3.2 are provided in Table 3.1. The 
structures of 3.1 and 3.2 are closely related. Both complexes are pseudooctahedral with a 
facial orientation of the three boronate groups. The Ir-N bond lengths and the Ir-B bond 
lengths for the boryl group trans to COE in 3.1 and 3.2 are within 0.005 Å of each other. 
The Ir-B bond length to the two boronate groups trans to the bipyridine ligand in 3.2 are 
only 0.021 and 0.028 Å shorter and the two Ir-olefin bonds in 3.2 are, on average, only 
0.028 Å longer than those in 3.2. 
 
 
Figure 3.2. ORTEP drawing of complex 3.2 with atomic numbering. Hydrogen atoms 
are omitted for clarity. Thermal ellipsoids are shown at the 35% probability level. 
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Table 3.1.  Ir-X bond distances in 3.1, 3.2, and 3.3. 
 L1/Å L2/Å B1/Å B2/Å B3/Å C1/Å C2/Å 
3.1 2.177(4) 2.221(4) 2.055(7) 2.057(6) 2.027(6) 2.318(5) 2.318(5) 
3.2 2.173(4) 2.222(4) 2.051(6) 2.029(6) 2.006(6) 2.348(5) 2.344(5) 
3.3 2.368(1) 2.365(1) 1.979(5) 2.075(5) 2.070(5) - - 
 
 To begin to assess the origin of the differences in reactivity of the bipyridine and 
bisphosphine catalysts, we prepared trisboryl complexes containing bis-phosphine 
ligands. The reaction of [Ir(p-xylene)(Bcat*)3] with 1,2-bis(diisopropyl-phosphino)ethane 
(dippe) or 1,2-bis(dicyclohexylphosphino)-ethane (dcpe) in the presence or absence of 
COE formed the bisphoshine-ligated trisboryl complexes 3.3 and 3.4 (Scheme 3.2). In 
contrast to 3.1 and 3.2, these complexes were 16-electron, five-coordinate species 
[Ir(L2)(Bcat*)3] lacking a COE ligand. Thus, these complexes are phosphine analogs of 
the unsaturated bipyridine intermediates in the borylation of arenes catalyzed by 
[Ir(COD)(OMe)]2 and dtbpy.  Complexes 3.3 and 3.4 do not bind COE. Addition of 5 
equiv of COE to these species did not affect the shape or position of the olefinic 
resonances in the 1H NMR spectrum. 
 
Scheme 3.2. Synthesis of iridium-trisboryl complexes containing phosphine ligands 
P
P
Ir
Bcat*
Bcat*
Bcat*
Ir Bcat*
cat*B
cat*B
Me Me
dippe or dcpe
C6H12, 22 ºC
P
P
= dippe, 3.3dcpe, 3.4
  
 73 
 An ORTEP diagram showing the structure of five-coordinate, bisphosphine 
complex 3.3 is shown in Figure 3.3, and the structural parameters are included in Table 
3.1. Complex 3.3 adopts a square pyramidal structure with a facial orientation of the three 
boronate groups. The bond lengths of the boryl groups trans to the ligand are 0.058 and 
0.053 Å longer than the average of these bond lengths in complex 3.2. Most striking, the 
Ir-B distance for the boryl group trans to the open coordination site in 3.3 is 0.072 Å 
shorter than that for the boryl group trans to the COE in 3.2. 
 
Figure 3.3. ORTEP drawing of complex 3.3 with atomic numbering. Hydrogen atoms are 
omitted for clarity. Thermal ellipsoids are shown at the 35% probability level. 
 The effect of these structural changes on the catalytic reactions was evaluated. 
The presence of the open coordination site on 3.3 and 3.4 might lead one to expect that 
complexes generated from the dippe and dcpe ligands in 3.3 and 3.4 would be highly 
active catalysts. However, consistent with the prior lower reactivity of complexes of other 
bisphosphines as catalyst,4,9 the reaction of HBpin with benzene catalyzed by the 
combination of [Ir(COD)(OMe)]2 and dcpe formed PhBpin in a low 24% yield, even after 
heating at 120 °C for 24 h. Moreover, complex 3.4 was stable in benzene. Even heating 
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of 3.4 in benzene at 80 °C for 4 h led to little conversion, and heating at 100 oC for 16 h 
led to the formation of just one equiv of PhBcat* per iridium in 33% yield (Scheme 3.3). 
 
Scheme 3.3. Stoichiometric reactivity of 3.4 
 Consistent with the lack of published borylations of arenes with the common 
catecholate-substituted diboron reagent, B2cat2, the reaction of B2cat2 with benzene in the 
presence of 2.5 mol% [Ir(COD)OMe]2 required 120 °C for 24 h, even in neat arene, to 
occur to completion (eq 3.1). 
 
 This lower reactivity of the catecholate complexes could result from faster 
decomposition of the catalyst in the presence of byproducts10-11 formed from these 
reagents, or reduced reactivity of the trisboryl complex with the C-H bonds of arenes. To 
distinguish between these possibilities, we compared the reactions of benzene with 
isolated 3.1 and 3.2.  
 
Scheme 3.4. Stoichiometric reactivity of 3.2 with benzene 
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 The tris-Bpin complex 3.1 was previously shown to react with benzene solvent to 
form three equivalents of PhBpin at room temperature.7 In contrast, the tris-Bcat* 
complex 3.2 is stable for several hours in benzene at room temperature. At 50 °C over 2 h 
1.95 mol (65%/iridium complex) of PhBcat* is formed per trisboryl complex (Scheme 
3.4). Moreover, the profile for this reaction is far from first order and suggests that the 
reaction occurs with an induction period or with autocatalysis.  
3.2.2 Electronic properties of iridium-trisboryl complexes 
 This difference in reactivity between complexes 3.1 and 3.2 can be explained by 
differences in electron density at the metal center. The chemical shift of the bound 
olefinic carbons in 3.2 is 4.78 ppm, which is 0.85 ppm downfield of those in the tris-Bpin 
complex 3.1. This difference is consistent with a less electron-rich metal center in the 
tris-Bcat* complex. In addition, the two carbonyl complexes [Ir(dtbpy)(Bpin)3(CO)] (3.5) 
and [Ir(dtbpy)(Bcat*)3(CO)] (3.6) were prepared from the reaction of olefinic complexes 
3.1 and 3.2 with carbon monoxide. Consistent with the two alkene chemical shifts, the 
!CO value of the tris-Bcat complex 3.6 (2017 cm-1) is 30 wavenumbers higher than that 
for the tris-Bpin complex 3.5 (1987 cm-1). This difference in electron density at the metal 
also agrees with calculations recently reported by Marder12 on the "-donating properties 
of Bpin and Bcat ligands.  
3.2.3 Computed energies for the oxidative addition of benzene to iridium-trisboryl 
complexes 
 To understand how the differences in structures and electronic properties between 
complexes 3.1, 3.2, and 3.3 affect C-H bond cleavage, we calculated the enthalpies for 
oxidative addition of benzene to the dtbpy-ligated Bpin compound 3.1 (previously 
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studied theoretically by Sakaki13) and the analogous Bcat compound 3.2 (eq 5). The 
pinacolate group was truncated to an ethylene glycolate group (eg), and the tert-butyl 
groups on both the bipyridine ligand and the substituted catechols were replaced by 
hydrogen (3.7 and 3.8). The bisphosphine was truncated to 1,2-bis (dimethylphosphino)-
ethane (dmpe) (3.9 and 3.10). 
 The !H for the oxidative addition of benzene to catecholboryl complex 3.8 was 
computed to be 14.3 kcal/mol, which is 2.6 kcal/mol higher than the 11.7 kcal/mol value 
for oxidative addition to 3.7. This less favorable enthalpy for addition of benzene to 3.8 is 
consistent with the lower reactivity of the catecholboryl complex 3.2 compared to 
complex 3.1 that is observed experimentally. The computed enthalpies for addition to the 
dmpe-ligated Bpin complex 3.9 (10.9 kcal/mol) and to the dmpe-ligated Bcat complex 
3.10 (14.6 kcal/mol) were similar to those for the addition to the analogous bpy 
complexes. However, the dippe and dcpe ligands in the experimental work are much 
more sterically demanding than dmpe; thus, the actual enthalpies for reactions of the 
dippe and dcpe complexes are certainly much larger. Thus, these computed enthalpies are 
also consistent with the observed trends in reactivity. 
 
Figure 3.4. Computed enthalpies for the oxidative addition of benzene to iridium-
trisboryl complexes. 
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3.2.4 Catalytic borylation of arenes with other boron reagents 
The scope of the arenes that undergo C-H borylation is quite broad and many 
functional groups are tolerated; however, the scope of the diboron reagent is more 
limited. Only a few boron reagents react in the iridium-catalyzed C-H functionalization 
reactions. Most commonly, the C-H borylation of arenes occurs with B2pin2 or HBpin as 
the boron reagent. Suginome and coworkers reported the C-H borylation with 1,8-
naphthalenediaminatoborane (HBdan) as the boron reagent,14 and earlier in this chapter 
the C-H borylation of arenes with B2cat2 was described.15  
Although the C-H borylation occurs with the highest turnover numbers with 
B2pin2 as the boron reagent, the pinacolate ester products generated in these reactions are 
typically less reactive towards subsequent functionalization. One reason for this lack of 
reactivity is slower transmetallation of the pinacolate esters of arylboronic acids 
compared to boronic acids themselves or the catecholate esters.16 For instance, it is 
necessary to first conduct the oxidative hydrolysis of the boronate ester prior to the 
copper-mediated Chan-Lam coupling with amines.17-18 The oxidative hydrolysis of the 
pinacolate esters requires a harsh oxidant, NaIO4, which can react with functional groups 
or heteroarenes limiting the number of pinacolate esters that can undergo oxidative 
hydrolysis to the corresponding boronic acids.19 Hence, the investigation of other boron 
reagents to conduct the C-H borylation of arenes has been an active area of research.  
Studies on different borylation reagents began with the reaction of 1,3-
bis(trifluoromethyl) benzene (3.11), one of the most reactive arenes in C-H borylation, 
with a number of boron reagents in the presence of 2.5 mol % [Ir(COD)OMe]2 and 5.0 
mol % dtbpy (Figure 3.5). The C-H borylation does not occur with acyclic aminoboron 
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(3.12) or dialkoxyboron (3.13) reagents. Reactions conducted in the presence of bis-
boronic acid (3.14) did not lead to any borylation product. Analysis of the stoichiometric 
reaction of iridium-trisboryl complex 3.1, arene 3.11, and 3.14 by 11B NMR spectroscopy 
showed immediate decomposition of the iridium-trisboryl complex in the presence of bis-
boronic acid, presumably from protonation of the boryl ligands. On the other hand, the 
borylation does occur with commercially available diboron reagents 
bis(neopentylglycolato) diboron (3.15, B2npg2) bis(hexyleneglycolato) diboron (3.16, 
B2hg2). Although both boron reagents led to high yield (>90% yield) of the arylboron 
product with activated arenes, reactions conducted with B2npg2 required neat arene for 
less activated arenes such as 3-chlorotoluene. Reactions of B2hg2 and 3-chlorotoluene 
could be conducted in THF solvent with only 1% catalyst loadings.  
 
 
 
Figure 3.5. Boron reagents investigated in the C-H borylation of arenes. 
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Table 3.2. Scope of the borylation of arenes with bis-hexylene glycol diboron 
 
entry product yielda entry product yielda 
1 
 
3.17 
98%b 6 
 
3.22 
67% 
2 
 
3.18 
50%c 7 
 
3.23 
96% 
3 
 
3.19 
62% 8 
 
3.24 
64%d 
4 
 
3.20 
86% 9 
 
3.25 
67% 
5 
 
3.21 
86%  
  
 
aReactions conducted with 1.0 mmol arene and 1.0 mmol diboron reagent. Products isolated by silica-gel 
chromatography. bReaction conducted with 0.25 mol % [Ir(COD)OMe]2 and 0.50 mol % dtbpy. cReaction 
conducted with 5.0 mol % [Ir(COD)OMe]2 and 10 mol % dtbpy. dReaction conducted with 2.5 mol % 
[Ir(COD)OMe]2 and 5.0 mol % dtbpy. 
R
R'
H    +    B2hg2
[Ir(COD)OMe]2 (0.50 mol %)
dtbpy (1.0 mol %)
THF, 65 ºC, 12 h
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After identifying a different boron reagent for the C-H borylation of arenes, the 
scope of this reaction was investigated. The borylation of 1,3-disubstituted arenes in the 
presence of B2hg2, [Ir(COD)OMe]2, and di-tert-butylbipyridine (dtbpy) in THF at 65 ºC 
over 12 h produced a number of arylboronate esters shown in Table 3.2. The borylation 
of electron-deficient arenes occurs in higher yield and lower catalyst loadings than 
electron-rich arenes (entries 1-2). Arenes containing halogen substituents undergo the 
borylation in high yields to generate the corresponding meta-substituted boronate esters 
(entries 4-7). Consistent to prior observations in iridium-catalyzed C-H borylation 
reactions conducted with B2pin2, the C-H functionalization occurs ortho- small 
substituents, such as fluoro substituents (entry 5). Finally, a number of functional groups 
are tolerated, including ketones, protected alcohols, amides, and esters (entries 6-9). 
Heteroarenes also undergo the borylation with B2hg2 (Table 3.3). Five-membered 
heteroarenes, pyrroles and furans, containing a substituent at the 2-position react at the 5-
position to generate the 5-boryl heteroarene in good yields (entries 1-2). The borylation 
of furan occurs to give two isomers of the product (91:9 ratio). Benzofused heteroarenes 
also react at the 2-position. Indole and benzofuran undergo the borylation in good yields 
(entries 3-4), while benzothiophene requires higher catalyst loadings to give a lower yield 
of the product (entry 5). Finally, the borylation occurs with a 2,6-disubstituted pyridine to 
generate the 4-boryl pyridine product (entry 6). 
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Table 3.3. Borylation of heteroarenes with bis-hexyleneglycol diboron 
 
entry product yielda entry product yielda 
1 
 
3.26 
94% 4 
 
3.29 
94% 
2 
 
3.27 
92%b 5 
 
3.30 
52%c 
3 
 
3.28 
93% 6 
 
3.31 
74%d 
aReactions conducted with 1.0 mmol arene and 1.0 mmol diboron reagent. Products isolated by silica-gel 
chromatography. bTwo isomers were formed in a 91:9 ratio. cReaction conducted with 2.5 mol % 
[Ir(COD)OMe]2 and 5.0 mol % dtbpy. dReaction conducted with 4.0 mol % [Ir(COD)OMe]2 and 8.0 mol % 
dtbpy. 
3.3. Conclusions 
 In conclusion, we have shown that the substituents on the oxygen of 
dioxaborolane ligands have a strong effect on the reactivity of trisboryl complexes that 
are intermediates in the catalytic borylation of arenes, and that complexes of hindered 
bisphosphines are much less reactive toward arenes, despite the presence of an open 
coordination site. We propose that the effect of the substituents on boron results from 
differences in electron-density of the metal center, which affects the enthalpy for the 
oxidative addition of benzene. Although a determination of the origin of the lack of 
Het-Ar–H    +    B2hg2 Het-Ar–Bhg
[Ir(COD)OMe]2 (0.50 mol %)
dtbpy (1.0 mol %)
THF, 65 ºC, 12 h
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reactivity of the unsaturated phosphine complexes awaits further studies, we propose that 
this lack of reactivity results from a combination of increased steric hindrance and 
weaker electron donation by the phosphine ligand versus the bipyridine ligand.20,21-22  
 Other boron reagents were investigated in the C-H borylation of arenes. Of 
these reagents, a diboron reagent containing hexylene glycol substituents on boron 
was the most reactive in the borylation of arenes. A higher catalyst loading was 
required with B2hg2 as the boron to achieve good yields compared to reactions 
conducted with B2pin2. One advantage of this boron reagent is the relatively low cost 
of the hexylene glycol compared to pinacol. Thus, this reagent has the potential to be 
much lower cost than B2pin2 in the future. Studies on the reactivity of these boronate 
esters are ongoing. 
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3.4 Experimental 
General Methods. All reactions were conducted under a nitrogen atmosphere using 
standard Schlenk and glovebox techniques, unless otherwise noted. All glassware were 
either flame-dried or oven-dried. Cyclohexane, benzene-d6 and cyclohexane-d12 were 
distilled from sodium/benzophenone solutions, and cis-cyclooctene and dichloromethane-
d2 were distilled from calcium hydride. Reaction solvents including dichloromethane and 
pentane were dried by percolation through a column packed with neutral alumina and a 
column packed with Q5 reactant, a supported copper catalyst for scavenging oxygen, 
under a positive pressure of N2. 1,2-Bis(di-isopropylphosphino)ethane (dippe),23 
[Ir(cod)Cl]2,24 and [Ir(Bpin)3(dtbpy)]7 were prepared by published procedures. [(p-
xylene)Ir(Bcat*)3] was prepared by a slight modification of the published procedure8 
from [(!5-indenyl)Ir(cod)]25, by using 4-tert-butylcatecholborane26 in place of 
catecholborane and p-xylene as the arene. [Ir(cod)(OMe)]2 was obtained as a gift from 
Johnson-Matthey. All other chemicals were used as received from commercial suppliers.  
1H, 13C, and 31P NMR spectra were recorded on 500 MHz spectrometers, and 11B 
NMR spectra were recorded at 96 MHz. All 1H and 13C chemical shifts are reported in 
ppm (") relative to tetramethylsilane and referenced using chemical shifts of residual 
solvent resonances. 31P NMR and 11B NMR spectra were referenced to external standards 
H3PO4 (0 ppm, 31P) and BF3•OEt2 (0 ppm, 11B). Analytical gas chromatography (GC) was 
performed using a Hewlett-Packard 5890 Gas Chromatograph fitted with a flame 
ionization detector and a Hewlett-Packard HP5 (30m x 0.32 mm) capillary column.  
  
 84 
Procedure for the borylation of benzene with bis(catecholato)diboron (B2cat2) 
catalyzed by [Ir(cod)(OMe)]2 and 4,4´-di-tert-butyl-2,2´-bipyridine 
An oven-dried 4-mL vial equipped with a stir bar was charged with [Ir(cod)(OMe)]2 (1.6 
mg, 0.0024 mmol); 4,4´-di-tert-butyl-2,2´-bipyridine (1.3 mg, 0.0048 mmol), B2cat2 (23.1 
mg, 0.0971 mmol), and dodecahydrotriphenylene (internal standard, 23.1 mg, 0.0961 
mmol).  These materials were then dissolved in 0.8 mL of neat benzene. The vial was 
sealed under an atmosphere of nitrogen with a Teflon-lined cap, removed from the 
glovebox, and heated in an oil bath at 120 oC. Upon heating, the B2cat2 dissolved in the 
reaction mixture to afford a homogeneous solution. After 1 h, the reaction was removed 
from the oil bath and cooled to room temperature. In the glovebox, 0.25 mL of the 
reaction solution was transferred to an NMR tube and flame-sealed under vacuum. Both 
the NMR tube and the vial containing the remaining reaction solution were returned to 
the oil bath and heated at 120 oC with periodic monitoring of the reaction by 11B NMR 
spectroscopy. After heating for 24 h, the yield (92%) of phenylboronate ester was 
determined by GC analysis using response factors calculated from pure samples of 
PhBcat. 
Procedure for the borylation of benzene with pinacolborane (HBpin) catalyzed by 
[Ir(cod)(OMe)]2 and 1,2-bis(dicyclohexylphosphino)ethane (dcpe) or 1,2-bis(di-
isopropylphosphino)ethane (dippe) 
An oven-dried 4-mL vial equipped with a stir bar was charged with [Ir(cod)(OMe)]2 (1.5 
mg, 0.0022 mmol, 2.5 mol%); phosphine (0.0044 mmol, 5.0 mol%), pinacolborane (22 
µL, 0.15 mmol), and dodecahydrotriphenylene (internal standard, 11.7 mg, 0.049 mmol).  
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These materials were then dissolved in 0.8 mL (60 equiv) of neat benzene to give a clear, 
light yellow solution. The vial was sealed under an atmosphere of nitrogen with a Teflon-
lined cap, removed from the glovebox, and heated in an oil bath at 120 o C. After heating 
for 24 h, the yield (24%, L = dcpe; <5% L = dippe) of phenylboronate ester was 
determined by GC analysis using response factors calculated from pure samples of 
PhBpin. 
Preparation of [(coe)Ir(dtbpy)(Bcat*)3] (3.2) 
 In an oven-dried, 20-mL scintillation vial, [(p-xylene)Ir(Bcat*)3] (254 mg, 0.308 mmol) 
and 4,4´-di-tert-butyl-2,2´-bipyridine (99 mg, 0.369 mmol) were combined with 4 mL of 
cyclohexane. The mixture was stirred while cis-cyclooctene (COE, 0.40 mL, 3.1 mmol) 
was added dropwise via a syringe. The heterogeneous reaction mixture was sealed under 
an atmosphere of nitrogen, then stirred for 6 h at ambient temperature to afford a clear 
orange-red solution. The volatile materials were evaporated from the reaction mixture, 
and the resulting red-orange oil was dissolved in pentane (~10 mL). A yellow powder 
immediately precipitated. The mixture was cooled to -35oC to precipitate more yellow 
powder. After filtering and rinsing with 2 x 5 mL of cold pentane, 291 mg (86%) of 3.2 
as a yellow powder was obtained. Compound 3.2 is stable under a nitrogen atmosphere at 
-35 oC for months, but slowly decomposes at room temperature. Single crystals suitable 
for X-ray diffraction were obtained by a slow diffusion of pentane into a saturated 
solution of 3.2 in a mixture of CH2Cl2 and COE.  11B NMR (CD2Cl2): ! 37.6 (br s). 1H 
NMR (CD2Cl2): ! 9.36 (d, J = 5.8 Hz, 2H), 8.20 (d, J = 1.8 Hz, 2H), 7.50 (dd, J = 1.8 and 
5.8 Hz, 2H), 7.09 (br s, 3H), 6.87 (br s, 6H), 5.11 (br s, 2H), 1.51 (br s, 4H) 1.47 (s, 18H), 
1.38 (br s, 8H), 1.28 (s, 27H). 13C NMR (CD2Cl2): ! 161.7, 156.7, 154.1, 150.6, 148.4, 
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144.2, 123.7, 119.8, 117.0, 109.6, 108.6, 75.0, 35.6, 34.8, 31.9, 30.9, 30.5, 26.6, 25.5. 
Anal. Calc’d for C56H74B3IrN2O6: C, 61.38; H, 6.81; N, 2.56. Found: C, 61.08; H, 6.82; N, 
2.69. 
Preparation of [Ir(dippe)(Bcat*)3] (3.3) 
 A 20-mL scintillation vial equipped with a stir bar was charged with [(p-
xylene)Ir(Bcat*)3] (150 mg, 0.182 mmol). A solution of 1,2-bis(di-
isopropylphosphino)ethane (57.3 mg, 0.219 mmol) in 3 mL of cyclohexane was then 
prepared and added to the iridium complex. The heterogeneous reaction mixture was 
sealed under an atmosphere of nitrogen and stirred overnight at ambient temperature to 
give a clear yellow solution. The volatile materials were evaporated from the reaction 
mixture to give 174 mg (88%) of 3.3 as a yellow powder. Compound 3.3 is stable under a 
nitrogen atmosphere at -35 oC for weeks, but slowly decomposes at room temperature. 
Single crystals suitable for X-ray diffraction were obtained by the slow evaporation of a 
saturated solution of 3.3 in a mixture of pentane and COE. 11B NMR (C6D12): ! 42.4 (br 
s). 1H NMR (C6D12): ! 6.97 (d, J = 1.4 Hz, 3H), 6.77 (m, 6H), 2.46 (h, J = 7.33 Hz, 4H), 
1.88 (d, J = 12.1 Hz, 4H), 1.27 (s, 9H), 1.09–1.03 (two overlapping peaks, m, 12H). 13C 
NMR (C6D6): ! 151.6, 149.5, 144.5, 118.2, 110.9, 108.8, 35.1, 32.4, 27.2 (m), 24.4 (t, JCP 
= 20.0 Hz), 19.6, 19.4. 31P NMR (C6D12): ! 84.5 (s).  
Preparation of [Ir(dcpe)(Bcat*)3]  (3.4) 
 A 20-mL scintillation vial equipped with a stir bar was charged with [(p-
xylene)Ir(Bcat*)3] (200 mg, 0.243 mmol), 1,2-bis(di-isopropylphosphino)ethane (103 
mg, 0.243 mmol) and 3 mL of cyclohexane. The heterogeneous reaction mixture was 
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sealed under an atmosphere of nitrogen and stirred for 1.5 h at ambient temperature to 
give a clear yellow-orange solution. The solvent was evaporated from the reaction 
mixture.  Pentane (10 mL) was then added to the vial and the mixture was filtered.  The 
filtrate was evaporated and dissolved in pentane (2 mL) and cooled to -35 oC.   After a 
yellow solid precipitated, the red-orange solution was decanted and the yellow solid was 
washed with cold pentane to yield 166 mg (60%) of a yellow powder.  11B NMR (C6D12) : 
! 44.4 (br, s); 1H NMR (C6D6) : ! 7.00 (s, 3H), 6.80 (s, 6H), 2.39 (br m, 4H), 1.93 (d, 
11.5 Hz, 4H),  1.84 (d, 9.0 Hz, 4H), 1.74 (br m, 8H), 1.66 (br m, 8H), 1.36-1.10 (multiple 
peaks, 47H) singlet from t-Bu at 1.32, ; 13C NMR (C6D6) : ! 151.7, 149.4, 144.5, 118.1, 
110.8, 109.9, 37.9 (m) , 35.1, 32.5, 29.9, 29.6, 28.3 (2 overlapping m), 26.9, 24.3 (t, JCP = 
19.2 Hz).31P NMR (C6D12) : 78.4 (s). Anal. Calcd for C56H84B3IrO6P2: C, 59.01; H, 7.43; 
N, 0.00 Found: C, 59.07; H, 7.57; N, 0.31.   
Generation of (dtbpy)Ir(B(OR)2)3(CO) complexes (3.5, 3.6) in situ 
The iridium-trisboryl complexes (0.010 mmol) were dissolved in cyclohexane (0.5 mL) 
and transferred to a J. Young tube.  The tube was sealed and the solvent was frozen in a 
liquid N2 bath.  The tube was evaporated and refilled with CO (1 atm).  Immediately 
upon thawing the color changed from orange to light yellow.  A 1H NMR spectrum was 
obtained, and the samples were transferred to a solution IR cell to determine the "CO 
values. 
(dtbpy)Ir(Bpin)3(CO) (3.5) "CO (cyclohexane) = 1987 cm-1; 1H NMR (C6D6) : ! 10.17 (d, 
J = 5.6 Hz, 2H), 7.73 (d, 2.0 Hz, 2H), 6.83 (dd, J = 6.2 , 2.0 Hz, 2H), 1.58 (s, 18H), 1.00 
(s, 12H), 0.98 (s, 12H), 0.95 (s, 12H). 
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(dtbpy)Ir(Bcat*)3(CO) (3.6) !CO (cyclohexane) = 2017 cm-1; 1H NMR (C6D12) : " 9.82 
(d, J = 5.5 Hz, 2H), 8.11 (s, 2H), 7.33 (d, J = 5.0 Hz, 2H), 7.09 (s, 2H), 6.88 (d, J = 8.0 
Hz, 2H), 6.81 (d, J = 8.0 Hz, 2H), 6.70 (s, 1H), 6.59 (d, J = 7.5 Hz, 1H), 6.46 (d, J = 7.5 
Hz, 1H), 1.46 (s, 9H), 1.34 (s, 9H), 1.30 (s, 18H), 1.14 (s, 9H). 
General procedure for arene C-H borylation with bis-hexyleneglycol diboron 
In an argon-filled glove box, arene (1.0 mmol), bis-hexyleneglycol diboron (254 mg, 1.0 
mmol), [Ir(COD)(OMe)]2 (3.3 mg, 5.0 !mol), dtbpy (2.7 mg, 10. !mol) and THF (1 mL).  
The reaction mixture was heated in a sealed vessel at 65 °C for 16 h.  The red solution 
was then cooled to room temperature, and the volatile materials were evaporated under 
reduced pressure for 2 h. The crude mixture was purified by column chromatography to 
give the boryl arene.  
Synthesis of 3.17 
 The reaction was performed according to the general procedure 
with 1,3-bis(trifluoromethylbenzene) (214 mg, 1.00 mmol) B2hg2 
(254 mg, 1.00 mmol) and 0.25 mol % [Ir(COD)OMe]2 and 0.50 
mol % dtbpy in THF (1 mL) to give 324 mg of the product in 
98% yield as a white solid.  
1H NMR (600 MHz, CDCl3) " 8.22 (s, 2H), 7.88 (s, 1H), 4.38 (dqd, J = 12.3, 6.2, 2.9 Hz, 
1H), 1.92 (dd, J = 14.0, 2.9 Hz, 1H), 1.62 (m, 1H), 1.41 (s, 3H), 1.39 (s, 3H), 1.38 (d, J = 
6.2 Hz, 3H).13C NMR (151 MHz, CDCl3) " 133.70, 130.50, 130.28, 124.61, 123.75, 
122.80, 71.86, 65.56, 45.95, 31.06, 28.07, 22.99. EI HRMS calc’d 340.1069 found 
340.1069. 
CF3
F3C B O
O
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Synthesis of 3.18 
 The reaction was performed according to the general procedure 
with meta-xylene (106 mg, 1.00 mmol) B2hg2 (254 mg, 1.00 
mmol) and 5.0 mol % [Ir(COD)OMe]2 and 10. mol % dtbpy in 
THF (1 mL) to give 116 mg of the product in 50% yield as a 
white solid. 1H NMR (600 MHz, CDCl3) ! 7.44 (s, 2H), 7.05 (s, 1H), 4.35 (dqd, J = 12.3, 
6.2, 3.0 Hz, 1H), 2.33 (s, 6H), 1.87 (dd, J = 13.9, 2.9 Hz, 1H), 1.59 (m, 1H), 1.39 (s, 3H), 
1.37 (s, 3H), 1.36 (d, J = 6.2 Hz, 3H). 13C NMR (151 MHz, CDCl3) ! 136.69, 132.01, 
131.38, 70.87, 64.92, 46.06, 31.30, 28.13, 23.25, 21.25. HRMS calc’d 232.1635 found 
232.1636. 
Synthesis of 3.19 
 The reaction was performed according to the general procedure 
with 1,3-dimethoxybenzene (138 mg, 1.00 mmol) B2hg2 (254 
mg, 1.00 mmol) and 0.50 mol % [Ir(COD)OMe]2 and 1.0 mol % 
dtbpy in THF (1 mL) to give 164 mg of the product in 62% yield 
as a white solid. 
1H NMR (600 MHz, CDCl3) ! 6.97 (d, J = 2.4 Hz, 2H), 6.52 (t, J = 2.4 Hz, 1H), 4.34 
(dqd, J = 12.3, 6.2, 2.9 Hz, 1H), 3.82 (s, 6H), 1.86 (dd, J = 13.9, 2.9 Hz, 1H), 1.58 (m, 
1H), 1.37 (s, 3H), 1.36 (s, 3H), 1.34 (d, J = 6.2 Hz, 3H). 13C NMR (151 MHz, CDCl3) ! 
160.23, 110.90, 103.14, 71.06, 65.05, 55.28, 45.98, 31.23, 28.12, 23.17. HRMS calc’d 
264.1533 found 264.1540. 
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Synthesis of 3.20 
 The reaction was performed according to the general procedure 
with 3-chlorotoluene (126 mg, 1.00 mmol) B2hg2 (254 mg, 1.00 
mmol) and 0.50 mol % [Ir(COD)OMe]2 and 1.0 mol % dtbpy in 
THF (1 mL) to give 216 mg of the product in 86% yield as a white 
solid. 
1H NMR (600 MHz, CDCl3) ! 7.57 (s, 1H), 7.48 (s, 1H), 7.18 (d, J = 12.2 Hz, 1H), 4.34 
(dqd, J = 12.3, 6.2, 2.9 Hz, 1H), 2.32 (d, J = 18.7 Hz, 3H), 1.87 (dd, J = 13.9, 2.9 Hz, 
1H), 1.58 (t, J = 12.8 Hz, 1H), 1.38 (s, 3H), 1.36 (s, 3H), 1.35 (d, J = 6.2 Hz, 3H).  13C 
NMR (151 MHz, CDCl3) ! 138.80, 133.50, 132.44, 130.89, 130.63, 71.25, 65.15, 45.96, 
31.21, 28.11, 23.14, 21.05. HRMS calc’d  252.1088 found 252.1092. 
Synthesis of 3.21 
 The reaction was performed according to the general procedure 
with 3-chloro-4-fluorotoluene (145 mg, 1.00 mmol) B2hg2 (254 
mg, 1.00 mmol) and 0.50 mol % [Ir(COD)OMe]2 and 1.0 mol % 
dtbpy in THF (1 mL) to give 232 mg of the product in 86% yield 
as a white solid. 
1H NMR (600 MHz, CDCl3) ! 7.34 (br s, 1H), 7.21 (br s, 1H), 4.37 (dqd, J = 12.3, 6.2, 
3.0 Hz, 1H), 2.28 (s, 3H), 1.88 (dd, J = 14.0, 2.9 Hz, 1H), 1.62 (dd, J = 13.7, 12.0 Hz, 
1H), 1.38 (s, 6H), 1.35 (d, J = 6.2 Hz, 3H).13C NMR (151 MHz, CDCl3) ! 159.88 (d, J = 
250.7 Hz), 134.38 (d, J = 7.6 Hz), 133.63 (d, J = 4.5Hz), 132.72, 120.32, (d, J = 21.1 
Me
Cl B O
O
Me
Cl B O
OF
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Hz), 71.66, 65.47, 45.89, 31.13, 28.09, 23.06, 20.35. EI HRMS calc’d 270.0997 found 
270.0999. 
Synthesis of 3.22 
 The reaction was performed according to the general procedure 
with 3-bromopropiophenone (213 mg, 1.00 mmol) B2hg2 (254 mg, 
1.00 mmol) and 0.50 mol % [Ir(COD)OMe]2 and 1.0 mol % dtbpy 
in THF (1 mL) to give 230 mg of the product in 67% yield as a 
white solid. 
1H NMR (600 MHz, CDCl3) ! 8.22 (s, 1H), 8.10 (s, 1H), 8.07 (s, 1H), 4.35 (dqd, J = 
12.2, 6.1, 2.9 Hz, 1H), 3.02 (q, J = 7.2 Hz, 2H), 1.89 (dd, J = 14.0, 2.8 Hz, 1H), 1.61 (m, 
1H), 1.39 (s, 3H), 1.37 (s, 3H), 1.36 (d, J = 6.2 Hz, 3H), 1.22 (t, J = 7.2 Hz,  3H). 13C 
NMR (151 MHz, CDCl3) ! 200.04, 140.83, 137.95, 132.50, 131.65, 122.72, 71.62, 65.39, 
45.95, 31.93, 31.14, 28.11, 23.06, 8.09. EI HRMS calc’d 338.0689 found 338.0691 
Synthesis of 3.23 
 The reaction was performed according to the general procedure 
with pivaloyl 3-chlorophenol (213 mg, 1.00 mmol) B2hg2 (254 
mg, 1.00 mmol) and 0.50 mol % [Ir(COD)OMe]2 and 1.0 mol % 
dtbpy in THF (1 mL) to give 325 mg of the product in 96% yield 
as a colorless oil.   
1H NMR (600 MHz, CDCl3) ! 7.62 (d, J = 1.0 Hz, 1H), 7.32 (t, J = 7.2 Hz, 1H), 7.10 (t, J 
= 1.9 Hz, 1H), 4.33 (dqd, J = 12.1, 6.1, 2.9 Hz, 1H), 1.87 (dd, J = 14.0, 2.8 Hz, 1H), 1.62 
– 1.52 (m, 1H), 1.37 (s, 3H), 1.35 (d, J = 2.6 Hz, 13H), 1.34 (d, J = 6.3 Hz, 4H). 13C 
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NMR (151 MHz, CDCl3) ! 176.79, 151.05, 133.90, 130.96, 124.62, 123.80, 71.47, 65.28, 
45.95, 39.04, 31.55, 31.13, 28.09, 27.10, 23.06, 22.62. 
Synthesis of 3.24 
 The reaction was performed according to the general 
procedure with N,N-diethyl 3-methylbenzamide (191 mg, 
1.00 mmol), B2hg2 (254 mg, 1.00 mmol), 0.50 mol % 
[Ir(COD)OMe]2 and 1.0 mol % dtbpy in THF (1 mL) to 
give 203 mg of the product in 64% yield as a colorless oil.   
1H NMR (600 MHz, CDCl3) ! 7.62 (s, 1H), 7.60 (s, 1H), 7.21 (s, 1H), 4.33 (ddd, J = 
11.5, 6.1, 2.9 Hz, 1H), 3.53 (s, 2H), 3.24 (s, 2H), 2.36 (d, J = 5.0 Hz, 3H), 1.90 – 1.81 (m, 
1H), 1.62 – 1.52 (m, 1H), 1.36 (s, 2H), 1.35 (d, J = 5.0 Hz, 2H), 1.33 (d, J = 6.2 Hz, 2H), 
1.25 (d, J = 6.2 Hz, 3H), 1.10 (s, 3H). 13C NMR (151 MHz, CDCl3) ! 171.96, 136.91, 
136.29, 135.02, 128.84, 128.68, 71.06, 65.02, 45.99, 43.25, 39.07, 31.23, 28.12, 23.16, 
21.26, 14.12, 12.90. HRMS calc’d 318.2235 found 318.2237. 
Synthesis of 3.25 
 The reaction was performed according to the general 
procedure with methyl 3-methyltoluate (150 mg, 1.00 mmol), 
B2hg2 (254 mg, 1.00 mmol), 0.50 mol % [Ir(COD)OMe]2 and 
1.0 mol % dtbpy in THF (1 mL) to give 184 mg of the product 
in 67% yield as a colorless oil.   
1H NMR (600 MHz, CDCl3) ! 8.25 (s, 1H), 7.88 (s, 1H), 7.79 (s, 1H), 4.35 (dqd, J = 
12.3, 6.2, 3.0 Hz, 1H), 3.90 (s, 3H), 2.39 (s, 3H), 1.88 (dd, J = 13.9, 2.9 Hz, 1H), 1.60 (t, 
Me
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J = 12.6, 2H), 1.39 (s, 3H), 1.37 (s, 3H), 1.36 (d, J = 6.4 Hz, 3H). 13C NMR (151 MHz, 
CDCl3) ! 167.73, 139.02, 137.04, 132.09, 131.96, 129.22, 71.21, 65.13, 51.90, 46.01, 
31.23, 28.14, 23.17, 21.15. EI HRMS 276.1553 found 276.1539. 
 Synthesis of 3.26 
The reaction was performed according to the general procedure 
with methyl pyrrole-2-carboxylate (125 mg, 1.00 mmol), B2hg2 
(254 mg, 1.00 mmol), 0.50 mol % [Ir(COD)OMe]2 and 1.0 mol 
% dtbpy in THF (1 mL) to give 236 mg of the product in 94% yield as a colorless oil.   
1H NMR (600 MHz, CDCl3) ! 9.43 (s, 1H), 6.87 (d, J = 3.5, 1H), 6.65 (d, J = 3.5, 1H), 
4.31 (dqd, J = 12.2, 6.1, 2.9 Hz, 1H), 3.85 (s, 3H), 1.85 (dd, J = 14.0, 2.8 Hz, 1H), 1.65 – 
1.51 (m, 1H), 1.35 (s, 3H), 1.34 (s, 3H), 1.32 (d, J = 6.2 Hz, 3H).13C NMR (151 MHz, 
CDCl3) ! 161.52, 125.23, 118.55, 115.49, 71.46, 65.21, 51.39, 46.05, 31.11, 28.01, 23.04. 
EI HRMS 251.1329 found 251.1328. 
Synthesis of 3.27 
 The reaction was performed according to the general 
procedure with methyl 2-furanoate (126 mg, 1.00 mmol), 
B2hg2 (254 mg, 1.00 mmol), 0.50 mol % [Ir(COD)OMe]2 and 
1.0 mol % dtbpy in THF (1 mL) to give 211 mg of the product in 92% yield as a white 
solid in a 91:9 isomeric mixture.   
1H NMR (600 MHz, CDCl3) ! 7.15 (d, J = 3.4 Hz, 1H), 6.95 (d, J = 3.5 Hz, 1H), 4.34 
(dqd, J = 12.2, 6.2, 2.9 Hz, 1H), 3.88 (s, 3H), 1.86 (dd, J = 14.0, 2.9 Hz, 1H), 1.68 – 1.55 
(m, 1H), 1.37 (s, 3H), 1.36 (s, 3H), 1.34 (d, J = 6.2 Hz, 3H).13C NMR (151 MHz, CDCl3) 
N
H
B
O
O
MeO2C
O
B
O
O
MeO2C
  
 94 
! 159.32, 147.39, 121.97, 118.01, 71.94, 65.59, 51.81, 46.05, 30.96, 28.01, 22.93. EI 
HRMS 252.1169 found 252.1176. 
Synthesis of 3.28 
 The reaction was performed according to the general procedure 
with N,N-diethyl 3-methylbenzamide (117 mg, 1.00 mmol), 
B2hg2 (254 mg, 1.00 mmol), 0.50 mol % [Ir(COD)OMe]2 and 1.0 
mol % dtbpy in THF (1 mL) to give 226 mg of the product in 93% yield as a white solid.   
1H NMR (600 MHz, CDCl3) ! 8.54 (s, 1H), 7.66 (d, J = 7.8 Hz, 1H), 7.39 (d, J = 8.2 Hz, 
1H), 7.20 (t, J = 7.5 Hz, 1H), 7.07 (dd, J = 14.9, 7.2 Hz, 1H), 7.02 (s, 1H), 4.42 – 4.34 
(m, 1H), 1.89 (dd, J = 13.9, 2.7 Hz, 1H), 1.68 – 1.62 (m, 1H), 1.41 (s, 3H), 1.40 (s, 3H), 
1.37 (d, J = 6.2 Hz, 3H). 13C NMR (151 MHz, CDCl3) ! 137.79, 128.65, 122.81, 121.32, 
119.35, 111.50, 111.08, 71.45, 65.23, 46.12, 31.21, 28.12, 23.14. HRMS calc’d 243.1431 
found 243.1438. 
Synthesis of 3.29 
 The reaction was performed according to the general procedure 
with benzofuran (118 mg, 1.00 mmol), B2hg2 (254 mg, 1.00 
mmol), 0.50 mol % [Ir(COD)OMe]2 and 1.0 mol % dtbpy in THF 
(1 mL) to give 231 mg of the product in 94% yield as a white solid.   
1H NMR (600 MHz, CDCl3) ! 7.60 (d, J = 7.7 Hz, 1H), 7.56 (d, J = 8.3 Hz, 1H), 7.32 – 
7.28 (m, 2-overlapping peaks, 2H), 7.20 (t, J = 7.4 Hz, 1H), 4.41 (dqd, J = 12.3, 6.2, 2.9 
Hz, 1H), 1.91 (dd, J = 14.0, 2.9 Hz, 1H), 1.68 (dd, J = 12.0, 1H), 1.43 (s, 3H), 1.42 (s, 
3H), 1.40 (d, J = 6.2 Hz, 3H). 13C NMR (151 MHz, CDCl3) ! 157.28, 127.86, 125.13, 
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122.35, 121.52, 117.49, 111.90, 71.94, 65.60, 46.12, 31.06, 28.05, 23.03. EI HRMS 
calc’d 244.1271 found 244.1277. 
Synthesis of 3.30 
 The reaction was performed according to the general procedure 
with benzothiophene (134 mg, 1.00 mmol), B2hg2 (254 mg, 1.00 
mmol), 0.50 mol % [Ir(COD)OMe]2 and 1.0 mol % dtbpy in THF 
(1 mL) to give 135 mg of the product in 52% yield as a colorless oil.   
1H NMR (600 MHz, CDCl3) ! 7.91 (m, 1H), 7.88 – 7.82 (2-overlapping peaks, 2H), 7.38 
– 7.33 (2-overlapping peaks, 2H), 4.41 (dqd, J = 12.3, 6.2, 2.9 Hz, 1H), 1.89 (dd, J = 
14.0, 2.9 Hz, 1H), 1.67 (m, 1H), 1.43 (s, 3H), 1.42 (s, 3H), 1.39 (d, J = 6.2 Hz, 3H). 13C 
NMR (151 MHz, CDCl3) ! 143.50, 140.86, 132.45, 124.79, 124.17, 123.91, 122.56, 
71.87, 65.64, 46.13, 31.26, 28.20, 23.20. HRMS calc’d 260.1042 found 260.1042. 
Synthesis of 3.31 
 The reaction was performed according to the general procedure with 
2,6-dichloropyridine (148 mg, 1.00 mmol), B2hg2 (254 mg, 1.00 mmol), 
4.0 mol % [Ir(COD)OMe]2 and 8.0 mol % dtbpy in THF (1 mL) to give 
203 mg of the product in 74% yield as a white solid.   
1H NMR (600 MHz, CDCl3) ! 7.56 (s, 2H), 4.35 (dqd, J = 12.3, 6.2, 2.9 Hz, 1H), 1.91 
(dd, J = 14.1, 2.9 Hz, 1H), 1.59 (t, J = 12.8 Hz, 2H), 1.38 (s, 3H), 1.36 (s, 3H), 1.34 (d, J 
= 6.2 Hz, 3H). 13C NMR (151 MHz, CDCl3) ! 150.04, 127.12, 72.28, 65.82, 45.79, 
30.93, 28.05, 22.85. HRMS calc’d 273.0495 found 273.0487. 
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Computational Methods 
In this study DFT calculations were carried out using the B3LYP hybrid functional7-9 and 
carried out with the Gaussian 03 and 09 packages10-11.  No symmetry restrictions were 
placed on any structure.  Iridium was modeled with the LANL2DZ12 basis set and all 
other atoms were modeled with the split valence 6-31G(d,p) basis set13-14.  All optimized 
geometries were verified as minima by frequency calculations.  The Molden program was 
used to visualize the structures15.   
 
Coordinates of Optimized Geometries 
 
bpyIr(Beg)3 (3.7)  
            x     y  z 
B     1.703405    12.935920     5.601246 
B     2.000902    11.039752     3.599691 
B     2.522606    10.489604     6.257929 
C    -0.117510    11.475985     8.303129 
H     0.959238    11.433128     8.435189 
C    -0.987195    11.664410     9.374188 
H    -0.592792    11.752847    10.382177 
C    -2.355676    11.743408     9.117074 
C    -2.801107    11.640077     7.801955 
C    -1.870424    11.444559     6.772786 
C    -2.256915    11.359193     5.339812 
C    -3.591041    11.311116     4.915579 
H    -4.399985    11.299266     5.638025 
C    -3.877030    11.266730     3.553135 
C    -2.822492    11.270764     2.641775 
H    -2.997808    11.241924     1.570278 
C    -1.516844    11.304466     3.129505 
H    -0.646413    11.301644     2.476716 
C     2.832651    14.912686     5.307858 
C     2.243230    14.856662     6.734692 
C     3.741252    10.741557     2.102473 
C     2.489661    11.225338     1.333583 
C     4.399652    10.309503     7.590870 
C     3.959954     8.902687     7.125994 
Ir     0.873979    11.149477     5.298306 
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N    -0.545504    11.355173     7.035640 
N    -1.237852    11.343749     4.444453 
O     2.589974    13.613345     4.767451 
O     1.385179    13.714371     6.722697 
O     3.363397    10.772046     3.475596 
O     1.447590    11.230857     2.312090 
O     3.342589    11.175630     7.170364 
O     2.895708     9.140850     6.205352 
H    -3.859771    11.726437     7.581870 
H    -4.908977    11.228017     3.212824 
H    -3.067155    11.894389     9.925102 
H     3.909289    15.122564     5.301108 
H     1.667022    15.753896     6.994263  
H     2.331440    15.668119     4.684107 
H     3.025805    14.715071     7.494273 
H     4.527946    10.379098     8.678867 
H     3.594315     8.286683     7.961843 
H     4.028072     9.717006     1.823126 
H     2.217615    10.560864     0.502794 
H     4.609750    11.393114     1.941347 
H     2.617577    12.240768     0.931956 
H     5.339181    10.624338     7.114804 
H     4.767184     8.351849     6.626915 
bpyIr(Beg)3(H)(Ph) 
        x      y  z 
B     1.583294    -0.900765     0.976120 
B     1.168901     1.917223     0.064438 
B     1.873833    -0.686640    -1.203142 
C    -1.220032    -2.405141    -1.737230 
H    -0.420342    -2.225635    -2.447756 
C    -2.196828    -3.374916    -1.952927 
H    -2.184156    -3.960749    -2.867379 
C    -3.174859    -3.565549    -0.978268 
C    -3.130798    -2.791599     0.176828 
C    -2.114378    -1.837656     0.328708 
C    -1.986167    -0.988281     1.535586 
C    -2.809869    -1.148843     2.657884 
H    -3.578990    -1.912477     2.664965 
C    -2.634161    -0.335130     3.771554 
C    -1.629564     0.629735     3.742327 
H    -1.449387     1.291007     4.584581 
C    -0.839352     0.743007     2.602577 
H    -0.048093     1.481212     2.518584 
C     3.025966    -1.217244     2.738931 
C     2.399893    -2.572124     2.335816 
C     2.520076     3.755766    -0.214806 
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C     1.667529     3.942309     1.058019 
C     2.981180    -2.036781    -2.712389 
C     3.995592    -1.133055    -1.972648 
Ir     0.197614     0.160414    -0.287443 
N    -1.181682    -1.649659    -0.630283 
N    -1.010624    -0.042936     1.521867 
O     2.341025    -0.248873     1.938006 
O     1.622723    -2.279332     1.167398 
O     1.992060     2.582999    -0.833583 
O     1.012997     2.680720     1.231922 
O     1.733337    -1.785563    -2.063458 
O     3.197527    -0.259975    -1.175146 
H    -3.885495    -2.925875     0.943687 
H    -3.270001    -0.456578     4.644902 
H    -3.959652    -4.306040    -1.110992 
H     2.896654    -1.776602    -3.777078 
H     4.663551    -1.711596    -1.318862 
H     3.149986    -3.335719     2.096839 
H     2.886872    -0.982489     3.801307 
H     2.444002     4.605258    -0.904240 
H     2.267632     4.174154     1.946189 
H     3.582154     3.596198     0.020776 
H     0.908299     4.727951     0.935458 
H     3.228336    -3.103089    -2.637850 
H     4.615838    -0.542402    -2.657712 
H     4.100730    -1.172440     2.515761 
H     1.739107    -2.976013     3.11567 
H     0.788550     0.475720    -1.734138 
C    -1.425478     1.376999    -1.029683 
C    -2.010065     2.424701    -0.291147 
H    -1.602314     2.683723     0.684976 
C    -3.091781     3.169244    -0.775730 
H    -3.512624     3.969632    -0.167349 
 
bpyIr(Bcat)3 (3.8) 
        x     y  z 
B     0.182955    -0.313569     1.320771 
B    -0.733206    -1.225660    -1.004057 
B    -1.170887     1.411760    -0.356518 
C     1.899380     3.204865    -0.639446 
H     0.863159     3.490215    -0.480578 
C     2.905894     4.150487    -0.828401 
H     2.660792     5.208254    -0.817010 
C     4.209572     3.705235    -1.035530 
C     4.462368     2.335524    -1.035342 
C     3.408596     1.437562    -0.826053 
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C     3.607474    -0.035490    -0.787857 
C     4.874762    -0.631753    -0.806925 
H     5.772012    -0.024452    -0.853859 
C     4.980457    -2.019129    -0.745761 
C     3.817248    -2.781544    -0.654045 
H     3.850112    -3.865137    -0.593605 
C     2.590095    -2.123407    -0.631451 
H     1.653329    -2.663644    -0.535438 
C    -0.607835    -0.575832     3.390623 
C     0.560867    -1.335225     3.273048 
C     1.053914    -2.085030     4.328648 
H     1.962732    -2.671695     4.226900 
C     0.323175    -2.049158     5.528436 
C    -0.845464    -1.289127     5.645420 
C    -1.335633    -0.531538     4.568430 
C    -2.055108    -2.506435    -2.284943 
C    -1.760108    -3.220272    -1.118950 
C    -2.259456    -4.492591    -0.892639 
H    -2.026628    -5.033869     0.020143 
C    -3.079842    -5.039540    -1.893749 
C    -3.374244    -4.326960    -3.061332 
H    -4.014502    -4.777785    -3.816071 
C    -2.862199    -3.036995    -3.279222 
H    -3.086937    -2.473243    -4.180229 
C    -2.471025     3.238828    -0.093318 
C    -3.297745     2.115389    -0.193759 
C    -4.678676     2.220198    -0.126038 
H    -5.311573     1.341026    -0.205333 
C    -5.210604     3.507819     0.049739 
C    -4.382154     4.631412     0.150365 
C    -2.984159     4.514612     0.079274 
H    -2.331905     5.380247     0.157791 
Ir     0.508989     0.288156    -0.540272 
N     2.139598     1.881470    -0.638869 
N     2.483991    -0.786590    -0.706728 
O    -0.853730     0.061017     2.201465 
O     1.070591    -1.184840     2.007522 
O    -1.433101    -1.287372    -2.238231 
O    -0.938991    -2.459322    -0.323786 
O    -1.164152     2.835549    -0.195875 
O    -2.526010     1.001148    -0.360027 
H     5.470003     1.973067    -1.205802 
H    -6.289329     3.632511     0.109077 
H    -1.388055    -1.283584     6.587812 
H    -2.242053     0.061840     4.646040 
H     0.674910    -2.625188     6.381184 
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H    -4.826792     5.614446     0.286847 
H     5.958338    -2.493575    -0.760055 
H    -3.494559    -6.035240    -1.754884 
H     5.021208     4.410066    -1.197620 
bpyIr(Bcat)3(H)(Ph) 
        x     y  z 
B     1.240300    -0.220300     0.895400   
B    -0.891700     1.728300    -0.013000   
B     1.412000     0.277600    -1.156400   
C     0.195200    -3.003800    -1.959500  
H     0.720700    -2.320200    -2.617200   
C     0.097500    -4.363900    -2.244100   
H     0.535400    -4.758100    -3.156200   
C    -0.570900    -5.187100    -1.339800   
C    -1.101800    -4.623800    -0.183500   
C    -0.959100    -3.247700     0.041500   
C    -1.474200    -2.575900     1.257700  
C    -2.049400    -3.285500     2.319500   
H    -2.141000    -4.364100     2.268700   
C    -2.494800    -2.607600     3.449200   
C    -2.350700    -1.223300     3.499000   
H    -2.676400    -0.645700     4.358600   
C    -1.771200    -0.570600     2.415200   
H    -1.641500     0.506000     2.397700   
C     2.404400     0.241300     2.740600   
C     2.695900    -1.071200     2.359900   
C    -1.191700     3.932700    -0.227800  
C    -1.643200     3.563200     1.041800   
C     3.245000     0.074100    -2.431000   
C     3.186900     1.382800    -1.942800  
Ir    -0.472500    -0.216600    -0.419300   
N    -0.324800    -2.456700    -0.851600   
N    -1.345800    -1.224700     1.317700   
O     1.512800     0.778000     1.846800   
O     1.988300    -1.371700     1.221300   
O    -0.733800     2.822700    -0.885900   
O    -1.470400     2.207700     1.194400   
O     2.165300    -0.629500    -1.956100  
O     2.075000     1.524000    -1.155600 
H    -1.628000    -5.250900     0.527400   
H    -2.940700    -3.154600     4.275900   
H    -0.678100    -6.252200    -1.528000   
H    -0.126000     0.430600    -1.837300   
C    -2.449400    -0.311200    -1.247900   
C    -3.611600     0.043700    -0.536900  
H    -3.528500     0.432200     0.477100  
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C    -4.889700    -0.064200    -1.096700  
H    -5.761300     0.223900    -0.510100  
C    -5.049500    -0.529100    -2.402500   
H    -6.041200    -0.611700    -2.843100   
C    -3.914800    -0.876200    -3.138800   
H    -4.017600    -1.230000    -4.164000   
C    -2.643000    -0.764800    -2.568700   
H    -1.782200    -1.037000    -3.178700   
C     3.572900    -1.866700     3.080500   
C     4.157000    -1.288600     4.218600   
C     3.864500     0.026800     4.600400   
C     2.975500     0.823100     3.861700   
C     4.272300    -0.355400    -3.255100 
C     5.259100     0.590200    -3.580600  
C     5.201200     1.899900    -3.091700  
C     4.154700     2.323300    -2.256100   
C    -2.164000     4.485300     1.934000   
C    -2.219900     5.821200     1.502100   
C    -1.769000     6.192900     0.230900   
C    -1.242700     5.246900    -0.664200   
H     2.743800     1.845700     4.145100  
H     4.337900     0.442900     5.486400   
H     4.852800    -1.875200     4.813700   
H     3.795300    -2.884300     2.772300   
H     6.083600     0.295300    -4.225100   
H     4.309300    -1.375400    -3.627200   
H     5.981500     2.606800    -3.363200   
H     4.097800     3.336800    -1.870000   
H    -2.510800     4.185800     2.919300   
H    -2.621800     6.578800     2.170900   
H    -1.826600     7.235500    -0.072800 
H    -0.890000     5.523400    -1.653600  
Crystallographic data of [(coe)Ir(dtbpy)(Bcat*)3] (3.2)  
Crystal data and structure refinement for 1b. 
Identification code  g08vas 
Empirical formula  C61 H86 B3 Ir N2 O6 
Formula weight  1167.95 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Triclinic 
Space group  P -1   
Unit cell dimensions a = 13.849(4) Å != 79.705(4)°. 
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 b = 14.181(4) Å != 79.622(4)°. 
 c = 15.889(4) Å " = 74.051(4)°. 
Volume 2923.4(14) Å3 
Z 2 
Density (calculated) 1.327 Mg/m3 
Absorption coefficient 2.333 mm-1 
F(000) 1212 
Crystal size 0.20 x 0.12 x 0.06 mm3 
Theta range for data collection 1.86 to 25.40°. 
Index ranges -16<=h<=16, -17<=k<=17, -19<=l<=19 
Reflections collected 30653 
Independent reflections 10724 [R(int) = 0.0684] 
Completeness to theta = 25.40° 99.6 %  
Absorption correction Integration 
Max. and min. transmission 0.8819 and 0.5881 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 10724 / 932 / 840 
Goodness-of-fit on F2 0.953 
Final R indices [I>2sigma(I)] R1 = 0.0423, wR2 = 0.0806 
R indices (all data) R1 = 0.0709, wR2 = 0.0863 
Largest diff. peak and hole 1.477 and -1.172 e.Å-3 
 
 
Crystallographic data of [Ir(dippe)(Bcat*)3] (3.4). 
Identification code  ga39zas 
Empirical formula  C49 H80 B3 Ir O6 P2 
Formula weight  1051.70 
Temperature  193(2) K 
Wavelength  0.71073 Å 
Crystal system  Orthorhombic 
Space group  P b c a  
Unit cell dimensions a = 20.5747(8) Å #= 90°. 
 b = 16.6713(7) Å != 90°. 
 c = 30.6305(10) Å " = 90°. 
Volume 10506.5(7) Å3 
Z 8 
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Density (calculated) 1.330 Mg/m3 
Absorption coefficient 2.646 mm-1 
F(000) 4352 
Crystal size 0.16 x 0.14 x 0.06 mm3 
Theta range for data collection 1.33 to 28.30°. 
Index ranges -27<=h<=27, -22<=k<=22, -40<=l<=40 
Reflections collected 153721 
Independent reflections 12930 [R(int) = 0.1203] 
Completeness to theta = 28.30° 98.9 %  
Absorption correction Integration 
Max. and min. transmission 0.8227 and 0.6650 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 12930 / 1347 / 820 
Goodness-of-fit on F2 1.019 
Final R indices [I>2sigma(I)] R1 = 0.0395, wR2 = 0.0693 
R indices (all data) R1 = 0.0872, wR2 = 0.0833 
Largest diff. peak and hole 1.468 and -0.602 e.Å-3 
 
  
 104 
 
 
3.5. References 
 (1) Part of this chapter was published in Liskey, C. W.; Wei, C. S.; Pahls, D. 
R.; Hartwig, J. F. Chem. Commun. 2009, 5603. Carolyn Wei is gratefully acknowledged 
for preliminary experiments in the synthesis of triboryl complexes and obtaining 
structural data. Dale Pahls is acknowledged for conducting computational studies on this 
system. 
 (2) Iverson, C. N.; Smith, M. R. J. Am. Chem. Soc. 1999, 121, 7696. 
 (3) Chen, H. Y.; Schlecht, S.; Semple, T. C.; Hartwig, J. F. Science 2000, 287, 
1995. 
 (4) Cho, J. Y.; Tse, M. K.; Holmes, D.; Maleczka, R. E.; Smith, M. R. Science 
2002, 295, 305. 
 (5) Ishiyama, T.; Takagi, J.; Hartwig, J. F.; Miyaura, N. Angew. Chem. Int. 
Ed. 2002, 41, 3056. 
 (6) Ishiyama, T.; Takagi, J.; Ishida, K.; Miyaura, N.; Anastasi, N. R.; Hartwig, 
J. F. J. Am. Chem. Soc. 2002, 124, 390. 
 (7) Boller, T. M.; Murphy, J. M.; Hapke, M.; Ishiyama, T.; Miyaura, N.; 
Hartwig, J. F. J. Am. Chem. Soc. 2005, 127, 14263. 
 (8) Nguyen, P.; Blom, H. P.; Westcott, S. A.; Taylor, N. J.; Marder, T. B. J. 
Am. Chem. Soc. 1993, 115, 9329. 
 (9) Maleczka, R. E.; Shi, F.; Holmes, D.; Smith, M. R. J. Am. Chem. Soc. 
2003, 125, 7792. 
  
 105 
 (10) Westcott, S. A.; Blom, H. P.; Marder, T. B.; Baker, R. T.; Calabrese, J. C. 
Inorg. Chem. 1993, 32, 2175. 
 (11) Hall, G. Boronic Acids- Preparation Applications in Organic Synthesis 
and Medicine; Wiley-VCH: Weinheim, Germany, 2005. 
 (12) Dang, L.; Lin, Z. Y.; Marder, T. B. Chem. Commun. 2009, 3987. 
 (13) Tamura, H.; Yamazaki, H.; Sato, H.; Sakaki, S. J. Am. Chem. Soc. 2003, 
125, 16114. 
 (14) Iwadate, N.; Suginome, M. J. Organomet. Chem. 2009, 694, 1713. 
 (15) Liskey, C. W.; Wei, C. S.; Pahls, D. R.; Hartwig, J. F. Chem. Commun. 
2009, 5603. 
 (16) Carrow, B. P.; Hartwig, J. F. J. Am. Chem. Soc. 2011, 133, 2116. 
 (17) Tzschucke, C. C.; Murphy, J. M.; Hartwig, J. F. Org. Lett. 2007, 9, 761. 
 (18) Qiao, J. X.; Lam, P. Y. S. Synthesis-Stuttgart 2011, 829. 
 (19) Murphy, J. M.; Tzschucke, C. C.; Hartwig, J. F. Org. Lett. 2007, 9, 757. 
 (20) For  values of bisphosphine and bpy complexes see reference 18 
 (21) Christensen, P. A.; Hamnett, A.; Higgins, S. J.; Timney, J. A. J 
Electroanal Chem 1995, 395, 195. 
 (22) Tolman, C. A. J. Am. Chem. Soc. 1970, 92, 2956. 
 (23) Baldwin, L. C.; Fink, M. J. Journal of Organometallic Chemistry 2002, 
646, 230. 
 (24) Herde, J. L.; Lambert, J. C.; Senoff, C. V. Inorganic Syntheses 1974, 15, 
18. 
 (25) Merola, J. S.; Kacmarcik, R. T. Organometallics 1989, 8, 778. 
  
 106 
 (26) Muhoro, C. N.; He, X. M.; Hartwig, J. F. J. Am. Chem. Soc. 1999, 121, 
5033. 
 
 107 
Chapter 4. Iridium-Catalyzed Borylation of Secondary C-H Bonds in Cyclic Ethers1 
4.1 Introduction 
The selective cleavage and functionalization of C-H bonds by transition-metal 
complexes offers new strategies for the formation of fine chemicals and complex 
molecules from relatively simple starting materials. One of the greatest challenges 
associated with C-H functionalization reactions is to achieve high selectivity for a single 
C-H bond among the many related types of C-H bonds. Thus, new catalytic reactions that 
functionalize C-H bonds with novel selectivities are being actively sought. 
Many of the current methods to functionalize aliphatic C-H bonds selectively 
occur with a group that chelates to a metal center and directs the C-H functionalization2-3 
or with C-H bonds that are inherently more reactive based on electronic effects.4-5 For 
instance, insertion reactions with carbenes typically occur at the most electron-rich C-H 
bond. Although these strategies for C-H functionalization lead to selective 
transformations, the scope of such transformations is limited to substrates that contain a 
chelating group in close proximity to the C-H bond that becomes functionalized or a C-H 
bond that is inherently more reactive based on the electronic properties of the substrate.  
Hartwig and coworkers previously reported the functionalization of aliphatic C-H 
bonds with metal-boryl catalysts and discrete complexes in which high selectivity for 
terminal C-H bonds was observed.6 Rhodium and ruthenium catalysts that contain 
pentamethylcyclopentyldienyl ligands (Cp*) catalyzed the formation of 1-alkylboronate 
esters from alkanes and diboron or borane reagents.7-9 The selectivity of these aliphatic 
C-H borylation processes is controlled by the steric properties of the substrate and we 
recently delineated the origin of this steric control.10 Although the borylation of aliphatic 
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C-H bonds with Cp*Rh catalysts occurs in high yields, the exquisite selectivity of this 
catalyst for reactions of primary C-H bonds has precluded the borylation of secondary C-
H bonds with this system, and no subsequent catalyst has been reported that 
functionalizes secondary C-H bonds with boron reagents.  
In Chapter 4, the development of an iridium-phenanthroline catalyst that 
functionalizes secondary C-H bonds for the first time in good yield is described. In 
particular, cyclic ethers undergo borylation with a unique selectivity. Prior C-H 
activation11-12 and functionalization5 of cyclic ethers has occurred at the weaker C-H 
bond ! to oxygen. This C-H borylation occurs at the C-H bond ! to oxygen.  
Initially, conditions for the iridium-catalyzed borylation of alkyl C-H bonds with 
bis(pinacolato)diboron (B2pin2) were evaluated by investigating the reactivity of several 
catalysts for the reaction of n-octane. In the previous chapter, studies on the reactivity of 
iridium-trisboryl complexes toward aromatic C-H bonds13-14 showed that more electron-
rich iridium-trisboryl complexes react faster with aromatic C-H bonds than do less 
electron-rich complexes, while iridium-trisboryl complexes containing bulky phosphine 
ligands react much more slowly with aromatic C-H bonds than do complexes containing 
bipyridine ligands. On the basis of these observations with arene substrates, we proposed 
that iridium complexes containing planar, strongly electron-donating bidentate ligands 
could catalyze the borylation of aliphatic C-H bonds.  
4.2 Results and Discussion 
Although the combination of [Ir(COD)OMe]2 (COD = cyclooctadiene) and 4,4’-
di-tert-butylbipyridine (dtbpy) catalyzes the borylation of arenes at low temperatures with 
high turnover numbers, no alkylborane products were observed from the reaction of n-
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octane with B2pin2 in the presence 5 mol % [Ir(COD)OMe]2 and 10 mol % dtbpy (Table 
4.1, entry 1).  
A series of reactions of n-octane with B2pin2 in the presence of [Ir(COD)OMe]2 
and various ligands containing imine, pyridine, and N-heterocycliccarbene moieties 
showed that the combination of [Ir(COD)OMe]2 and phenanthroline ligands gave the 
product of alkane borylation (Table 4.1). The borylation of n-octane in the presence of 10 
mol % of a combination of [Ir(COD)OMe]2 and 1,10-phenanthroline (phen) gave the 1-
octylboronate ester product in 45% yield (entry 2). However, the borylation of octane 
with a catalyst ligated by the more strongly electron-donating ligand 3,4,7,8-tetramethyl-
1,10-phenanthroline (Me4phen) at 120 °C gave a high 88% yield of the 1-octylboronate 
ester product  (entry 3), consistent with the hypothesis that more electron-rich complexes 
effect C-H bond functionalization more readily than less electron-rich complexes.15,16 The 
borylation of n-octane under these conditions occurs with the same high selectivity for 
primary C-H bond functionalization that is observed with rhodium and ruthenium 
catalysts. Catalysts containing other phenanthroline ligands with varying para 
substituents gave poor yield of the product (entries 4-6), including the para-piperidino 
phenanthroline. The six-membered ring of the piperidino group may be twisted out of 
plane because of steric interactions with the backbone of the phenanthroline ligand. This 
would decrease the donating ability through resonance with the nitrogen atoms of the 
phenanthroline ligand and would make this amino group an electron-withdrawing group 
instead of an electron-donating group. 
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Table 4.1. Identification of an iridium catalyst for aliphatic borylation 
 
entry ligand yielda entry ligand yielda 
1 L6 <5% 7 L7 26%b 
2 L2 45% 8 L8 28%b 
3 L1 88% 9 L9 0% 
4 L3 <5% 10 L10 <5% 
5 L4 6% 11 L11 0% 
6 L5 0%    
aYield determined by gas-chromatographic analysis with isododecane as an internal 
standard based on B2pin2 (0.10 mmol) boctenyl-Bpin was observed by GC-MS (ca. 10%) 
 
Iridium catalysts containing other chelating dinitrogen ligands or pyridine-carbene 
ligands were tested for the borylation of octane, but low yields were observed with these 
[Ir(COD)OMe]2 (5 mol %)
Ligand (10 mol %)
neat, 120 ºC, 24 h
B2pin2
1 equiv
B B
O
OO
O
+C6H13 CH3 C6H13 CH2Bpin
N NMe2
N N
R R
N
N
N
N
N NMe
Me2N
N N
Me
N
R'R'
N NH
Ph
Ph
L1
L2
L3
L4
L5
R = Me
R = H
R = piperidinyl
R = Ph
R = Cl
R' = Me
R' = H
R' = H
R' = H
R' = H
N N
L6 L7
L8 L9 L10 L11
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catalysts (entries 7-11). The borylation of octane conducted in the presence of pyridine 
imine ligands (L7 and L8), where the imine moiety is a 5-membered heterocycle, gave 
the borylation in modest yield. Interestingly, an appreciable amount of the dehyrogenated 
borylation product, ca. 10%, to give the octenylboronate ester was observed in both these 
systems.  Presumably, this occurs through !-H elimination of the intermediate iridium-
alkyl complex. 
To increase the synthetic utility of these processes and by eliminating the 
requirement of neat substrate, the borylation of octane was tested in a number of solvents, 
including tetrahydrofuran (THF), cyclohexane, and isododecane. When the reaction of 
octane (3 equiv) catalyzed by Me4phen and [Ir(COD)OMe]2 was conducted in THF as 
solvent a small amount of THF borylation was observed (eq. 4.1). Although this showed 
that THF could not act as an inert solvent in primary aliphatic borylation, this result 
demonstrated that this system catalyzes the borylation of secondary C-H bonds for the 
first time.  
 
Without octane in the system, the borylation of THF occurs in good yield. The 
reaction of THF with B2pin2 in the presence 10 mol % of a combination of 
[Ir(COD)OMe]2 and Me4phen at 120 °C formed 3-boryl tetrahydrofuran in 70% yield 
(Table 4.2, entry 1). As with the borylation of primary C-H bonds, the borylation of THF 
occurs in lower yield with phen as ligand (entry 2) than with Me4phen as ligand. A 
significantly higher yield was observed from reactions conducted with (!6-mes)IrBpin3 
C6H13 CH3 +   B2pin2 C6H13 CH2Bpin
[Ir(COD)OMe]2  (5 mol %)
Me4phen (10 mol %)
THF, 120 ºC, 18 h
17%3 equiv 1 equiv
+
O
Bpin
20%
(4.1)
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(mes = mesitylene) as the source of iridium, presumably due to the formation of the 
active catalyst in a higher yield with a pre-formed trisboryl complex than with a species 
that must convert to a boryl complex before catalysis occurs (entry 3). A yield of greater 
than 100% indicates that the HBpin byproduct reacts in the C-H borylation reaction to 
some extent. The reaction also occurred with 5 equiv of THF in the presence of an inert 
solvent, but a lower yield of the boronate ester was observed (entry 4). 
Table 4.2 Borylation of tetrahydrofuran 
 
entry source of Ir ligand catalyst yield (%)a 
1 [Ir(COD)OMe]2 Me4phen 10 mol % 70 
2 [Ir(COD)OMe]2 phen 10 mol % 48 
3 (!6-mes)IrBpin3 Me4phen 4 mol % 104 
4 (!6-mes)IrBpin3 Me4phen 4 mol % 72b 
aYield of boronate ester based on B2pin2 as determined by gas chromatographic analysis. b Reaction was 
conducted in isododecane as solvent with 5 equiv THF. 
 
 
 
 
 
 
 
O O
Bpin
[Ir], Ligand
120 ºC
B2pin2
B B
O
OO
O
+
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Table 4.3. Borylation of Secondary C-H Bonds 
 
Entry Reactant Product Catalyst (mol %) Yield (%)a 
1  
 
4 83 
2 
  
4 90 
3 
  
6 72b 
4  
 
4 61 
5 
  
6 63c,d 
6 
  
4 64e 
7 
  
8 41e,f 
8 
  
6 40e 
9 
  
10 39g 
a Yield of isolated secondary boronate ester product following purification by silica-gel chromatography. 
b10:1 ratio of products were observed by GC. c Isolated as the protected alcohol. d 10:1 ratio of products by 
GC. e Isolated as the trifluoroborate salt. f Reaction conducted with 5 equiv substrate in Cy-H. g Reaction 
conducted at 140 ºC; yield determined by gas chromatography.  
n = 0, 1, 2
X = O, CH2
Y = CH2, O, NPiv
( )
(!6-mes)Ir(Bpin)3
Me4phen
neat, 120 ºC, 14 h
B2pin2
1 equiv
B B
O
OO
O
+
Y
X
n
R
H ( ) Y
X
n
R
Bpin
O O
Bpin
O O
Bpin
O O
Bpin
O O
Bpin
O O OBz
O
O
O
O
BF3K
O
N
Piv
O
N
Piv
BF3K
O
PivO
O
BF3KPivO
Bpin
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The scope of this C-H borylation of secondary C-H bonds in cyclic ethers 
catalyzed by a combination of Me4phen and (!6-mes)IrBpin3 is shown in Table 4.3. The 
borylation of 5-, 6-, and 7-membered cyclic ethers all proceeded in good yield (entries 1-
3). In all cases, the C-H functionalization occurred with high selectivity at the position 
beta to oxygen. The functionalization of tetrahydropyran at the !-position implies that the 
selectivity for !-borylation arises from an enhanced reactivity of the catalyst for this type 
of C-H bond, rather than a decreased reactivity of the catalyst toward the ! C-H bonds. 
Even reaction of the seven-membered ether, hexamethylene oxide, occurred with almost 
exclusive selectivity at a C-H bond ! to oxygen, further demonstrating the enhanced 
reactivity of this position for the iridium catalyst. Further work is needed to achieve the 
borylation of smaller-ring oxygen heterocycles. The borylation of oxetanes occurred, but 
the products were unstable to the reaction conditions leading to low yield; the borylation 
of epoxides did not occur under the conditions for the borylation of the substrates in 
Table 4.3. 
The C-H borylation also occurred with substituted cyclic ethers. C-H borylation 
occurred with both 2,2- and 2,5-disubstituted cyclic ethers in good yield (entries 4-5). 
The reaction occurred diasteroselectively to form predominantly the exo product of the 
oxabicyclonorbornane. Cyclic ethers containing a heteroatom at the 4-position also 
underwent the C-H borylation reaction (entries 6-7). The reaction of 1,4-dioxane occurred 
in high yield, indicating that the reaction can occur ! to oxygen when the substrate lacks 
C-H bonds ! to oxygen. In this case, it was necessary to convert the pinacol boronate 
ester resulting from these processes to the corresponding trifluoroborate salt, vide infra, 
to facilitate isolation under the conditions described below. The borylation of N-pivaloyl 
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morpholine also occurred alpha to the oxygen atom. Because the analogous N-
pivaloylpiperidine lacking the oxygen of the morpholine derivative reacted in low yield 
(ca 15%) and gave multiple products, the selectivity of the reaction of the N-pivaloyl 
morpholine likely is due to the steric bulk of the pivalate substituent on the nitrogen atom 
suppressing reaction at the position ! to oxygen. The examples in Table 4.3 also show 
that the borylation reaction is compatible with cyclic ethers containing protected alcohol 
and amino functionalities (entries 7-8). Finally, the borylation of cyclohexane also 
occurred for the first time, but this reaction required higher temperatures and catalyst 
loadings and occurred in lower yield (entry 9).  
A one-pot conversion of secondary C-H bonds to further derivatives can be 
important for the isolation of stable products and utility of the products. Thus, we 
developed conditions for the conversion of the tetrahydrofuranylboronate ester to the 
corresponding trifluoroborate, boronic acid, and alcohol products (Scheme 4.1). The 
reaction of THF and B2pin2 in the presence of (! 6-mes)IrBpin3 (4 mol %) and Me4phen (4 
mol %) to generate the 3-boryltetrahydrofuran product, followed by addition of an 
aqueous solution of KHF2 in methanol solvent to the crude boronate ester led to the 
trifluoborate salt in 63% yield. The 3-tetrahydrofuranyl boronic ester product was also 
converted in situ to the corresponding boronic acid. 3-Tetrahydrofuranylboronic acid was 
isolated in 76% yield over two steps by treating the boronate ester with NaIO4 and HCl 
(aq).  
These products were also converted to alcohols under standard conditions. 3-
Hydroxytetrahydrofuran was generated in a straightforward fashion by treating the crude 
boronate ester with aqueous NaBO3. Because the corresponding 3-
 116 
hydroxytetrahydrofuran is volatile, the alcohol was isolated as the benzoate ester in 73% 
overall yield. Efforts to identify catalysts for the Suzuki-Miyaura coupling of these 
secondary boronate derivatives were unsuccessful and likely will be the subject of future 
research. 
 
 
Scheme 4.1. Functionalizations of 3-boryltetrahydrofuran 
Conditions: a. B2pin2 (0.50 mmol), (! 6-mes)IrBpin3/Me4phen (4 mol %), neat, 120 ºC, 14 h; b. KHF2 (aq, 
4.5 M, 4.5 equiv), MeOH, 63% yield; c. NaBO3•4H2O, THF: H2O; BzCl, Et3N, DMAP, DCM, 74% yield; 
d. NaIO4 (1.5 equiv), HCl (aq, 1M, 1 equiv) 76% yield.  
The high !-selectivity observed in the iridium-catalyzed borylation of cyclic 
ethers could result from two general pathways (Scheme 4.2). One pathway involves 
direct functionalization of the ! C-H bond through a 3-tetrahydrofuranyliridium boryl 
complex and one by the more common activation of the ! C-H bond, followed by 
isomerization of the 2-tetrahydrofuranyl complex to the same 3-tetrahydrofuranyl 
complex. The direct functionalization pathway is shown as at the bottom of Scheme 4.2, 
and the indirect pathway is shown at the top of Scheme 4.2. Both pathways form the B-C 
bond by reductive elimination from a 3-tetrahydrofuranyliridium species.  
O
H B2pin2
1 equiv
B B
O
OO
O
O
BF3K
O
OBz
O
B(OH)2
a, b
a, c
a, d
+
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Scheme 4.2. Potential pathways for C-H functionalization. 
To distinguish between these two pathways, a deuterium labeling experiment was 
performed. The borylation of 2,2,5,5-tetradeuterotetrahydrofuran (THF-d4) was 
conducted in the presence of (!6-mes)IrBpin3 and Me4phen (Scheme 4.2). No loss of 
deuterium in the borylated product was detected by mass spectrometry, and no 
incorporation of a proton into the 2-position was detected by 1H NMR spectroscopy. 
Moreover, HBpin, not DBpin, was observed as the side product by 11BNMR 
spectroscopy. These observations are consistent with a direct C-H activation at the 3-
position, not by initial C-H activation at the 2-position followed by isomerization to a 3-
tetrahydrofuranyliridium species. 
The rate constants for the Ir-catalyzed C-H borylation of THF were measured 
independently, and a primary kinetic isotope effect of 2.6 was observed for the reaction of 
THF-d8 vs THF (Scheme 4.3). However, a kinetic isotope effect was not observed for the 
borylation of 2,2,5,5-THF-d4 vs THF. These data are further inconsistent with an initial 
C-H cleavage at the 2-position followed by isomerization.  
O D
D
D
D
cat
O D
D
D
D
Bpin
+    HBpin
O D
H
D
D
Bpin
+    DBpin
C-H Activation at 2-position
C-H Activation at 3-position
cat = (!6-mes)Ir(Bpin)3/Me4phen
B2pin2
N
N
Ir
Bpin
Bpin
O
via
via
N
N
Ir
Bpin
O
Bpin
D D
D
D
D
DD not observed
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Scheme 4.3. Measurement of the kinetic isotope effect. 
To determine the relative rates for borylation of cyclic ethers with varying 
structures, we conducted competition experiments. The relative ratios of products from 
the borylation of tetrahydrofuran versus cyclic ethers containing different ring sizes and 
substitution patterns are shown in Scheme 4.4. The borylation of the five-membered 
cyclic ether occurs preferentially over the borylation of six- or seven-membered cyclic 
ethers. This trend correlates with the slightly higher Lewis basicity of the oxygen atom of 
the five-membered cyclic ether, compared to that of the oxygen in the six- and seven-
membered cyclic ethers.17,18 Also, the borylation of THF occurred faster than the 
borylation of 2,2-dimethyltetrahydrofuran, but by only a 2.4:1 ratio. This ratio is again 
consistent with the greater Lewis basicity of the oxygen atom in THF towards Lewis 
acids compared to 2,2-dimethyltetrahydrofuran. Finally, the borylation occurs 
preferentially with dioxane over THF by a factor of 4.6:1. Although dioxane is less Lewis 
basic than THF, the C-H bonds in dioxane are weaker and more acidic than the ! C-H 
bonds in THF.  
 
O
+    B2pin2 neat, 100 ºC
(!6-mes)Ir(Bpin)3 (4 mol %)
Me4phen (4 mol %)
Dn
O
Dn
Bpin
O
D8
O DD
DD
Relative Rate 1.0 2.5
O
2.6
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Scheme 4.4. Competition experiments for the borylation of cyclic ethers 
a The ratio of product yields for the borylation of THF compared to other cyclic ethers was determined by 
GC analysis. 
Based on these data for the labeling and competition experiments, the high !-
selectivity of secondary C-H borylation could arise from the coordination of the Lewis 
basic oxygen atom of the cyclic ether to the Lewis acidic boryl ligand to form a 6-
membered transition state (Figure 4.1), but computational studies on this system have not 
supported such an activation mode. The binding of the Lewis basic oxygen atom to some 
other Lewis acidic species, such as a boron reagent or byproduct, in solution may be 
another potential origin of the beta selectivity. In addition, a bimetallic mechanism with 
the ether coordinated to one metal center with C-H activation occurring on a different 
metal center cannot be ruled out at this time. 
 
Figure 4.1. Proposed origin of selectivity in secondary C-H borylation. 
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4.3 Conclusions 
In summary, an iridium complex that catalyzes the borylation of secondary C-H 
bonds for the first time in good yield has been identified. Moreover, this C-H borylation 
reaction occurs with unique selectivity for the 3-position of cyclic ethers. A series of 
isotopic labeling experiments are consistent with high selectivity for direct C-H cleavage 
at the 3-position, rather than initial cleavage of the weaker C2 C-H bond, followed by 
isomerization. Computational studies were conducted to elucidate the details of the 
mechanism and origin of selectivity of this reaction; however, the computations did not 
provide any additional insight into the mechanism.  
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4.4 Experimental  
General Experimental Details 
 All borylation reactions were conducted under a nitrogen or argon atmosphere in an 
Innovative Technologies drybox. The conversion of the alkylboronate esters to alcohols 
and trifluoroborates were conducted under an atmosphere of air in 20 mL vials sealed 
with Teflon-lined caps. All other reactions were conducted under a nitrogen atmosphere 
unless otherwise noted. Octane, tetrahydrofuran, tetrahydropyran, dioxane, 
hexamethylene oxide, cyclohexane, 2,2-dimethyltetrahydrofuran, and 7-
Oxabicyclo[2.2.1]heptane were purchased from Sigma-Aldrich and dried over a 
Na/benzophenone ketyl, degassed by a freeze-pump-thaw cycle (3x) and vacuum 
transferred from the Na/benzophenone ketyl. Authentic cyclohexyl boronic acid pinacol 
ester was prepared according to literature procedure.16 The yield for the borylation of 
cyclohexane was determined by gas chromatography with isododecane as internal 
standard. Isododecane was obtained from Alfa-Aesar, degassed via a freeze-pump-thaw 
cycle (3x), and stored over molecular sieves. (!6-mesitylene)Ir(Bpin)3 was prepared in 
two steps from [Ir(COD)Cl]2 (obtained from Johnson-Matthey) according to literature 
procedure.17 [Ir(COD)OMe]2 was obtained from Johnson Mathey and stored at -35 °C in 
the glovebox. 3,4,7,8-tetramethylphenanthroline, 4,4’-di-tert-butyl-2,2’-bipyridine, 4,7-
dichloro-1,10-phenanthroline, and bathophenanthroline were purchased from Sigma-
Aldrich and used as received. Ligands that were not commercially available were 
prepared according to literature procedures. L3 was prepared according to a modified 
literature procedure with piperidine in place of bis(2-methoxyethyl)amine.18 L9 was 
prepared according to a modified literature procedure with 2-aminomethylpyridine in 
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place of 2-aminomethyl-6-p-tolylpyridine.19 L720, L821, L1022, and L1123 were prepared 
according to literature procedures. N-Pivaloylmorpholine24 was prepared according to a 
literature procedure. 3-Pivaloyloxy-tetrahydrofuran was prepared according to the 
procedure below for the protection of alcohols with PivCl in place of BzCl. 2,2,5,5-
tetradeuterotetrahydrofuran was prepared from diethylsuccinate and LiAlD4, followed by 
acid catalyzed cyclization according to literature procedure.25 The product was purified 
by Kugelrohr distillation and dried over Na prior to use. All other reagents were 
purchased from Sigma-Aldrich and used as received.  
  Flash column chromatography was performed on Silicylce Siala-P silica gel 
or on a Teledyne Isco CombiFlash Rf automated chromatography system with 4 g 
RediSep Rf Gold normal-phase silica columns.  Products were visualized on TLC plates 
by staining with CAM or KMnO4 or by a 254 nm UV lamp for the benzoate esters. GC-
MS data were obtained on an Agilent 6890-N GC system containing an Alltech EC-1 
capillary column and an Agilent 5973 mass selective detector. NMR spectra were 
acquired on a 400 MHz Varian Unity instrument or on 500 MHz Varian Unity or Inova 
instruments at the University of Illinois VOICE NMR facility or on 400 MHz Bruker, 
600 Bruker at University of California, Berkeley NMR facility.  Chemical shifts are 
reported in ppm relative to a residual solvent peak (CDCl3 = 7.26 ppm for 1H and 77.23 
ppm for 13C; (CD3)2SO = 2.50 ppm for 1H and 39.52 ppm for 13C, CD3OD = 3.31 ppm and 
49.00 for 13C). Elemental analyses were conducted by the University of Illinois at 
Urbana-Champaign Microanalysis Laboratory or Robertson Microlit Laboratories 
(Madison, NJ, USA). Mass spectroscopy analyses were performed at the University of 
Illinois Mass Spec Center or Berkeley Mass Spec.   
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Procedure for the borylation of octane  
In a nitrogen-filled glove box, B2pin2 (25.4 mg, 0.100 mmol), [Ir(COD)OMe]2 (3.3 mg, 
5.0 !mol, 5.0 mol %), and ligand (10. !mol, 10. mol %) were combined in a 4-mL vial 
with a stirbar. Octane (0.20 mL) was added, and the vial was sealed with a Teflon-lined 
cap. The reaction was heated to 120 °C for 24 h in a heating block. The solution typically 
became dark red upon heating. The yield of the borylation of octane was determined by 
gas chromatography with isododecane as an internal standard.  
Procedure for the borylation of cylic ethers 
In a nitrogen-filled glove box, B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 
(13.9 mg, 0.0200 mmol), and tetramethylphenanthroline (4.7 mg, 0.020 mmol) were 
combined in a 4-mL vial with a stirbar. The substrate (0.75 mL) was added, and the vial 
was sealed with a Teflon-lined cap. The reaction was heated to 120 °C for 18 h in a 
heating block. The solution became dark red upon heating. The completion of the 
reaction was confirmed by gas chromatography or 11B NMR spectroscopy as indicated by 
full conversion of B2pin2.  The volatile materials were evaporated under reduced pressure, 
and the crude boronate ester was isolated by column chromatography on silica gel with a 
gradient of 100:0 to 85:15 pentane:Et2O.  
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Procedure for the conversion of boronate esters to trifluoroborates 
The crude boronate ester (ca. 0.50 mmol) and MeOH (2.5 mL) were added 
to a 20 mL vial containing a stirbar. An aqueous solution of KHF2 (4.5M, 
2.2 mmol, 4.5 equiv) was added to the vial dropwise. The solution was stirred at 22 ºC for 
3 h. The stirbar was removed, and the solution was concentrated via rotary evaporator at 
30 mm Hg and 50 ºC. After the removal of solvent under vacuum the residual pinacol 
was removed by adding three portions of aqueous methanol (1:1) (4 mL) and further 
concentrating via rotary evaporator. The bumping of the solution was minimized by 
adjusting the rate of rotation. The solid that was obtained was triturated with acetone (4 x 
4 mL) and filtered through a 0.22 !m filter.  The acetone solution was evaporated to yield 
a tan solid. The tan solid was washed with cold Et2O to yield 56 mg of a white 
amorphous solid (63% yield). 
1H NMR (600 MHz, DMSO) " 3.62 (t, J = 8.0 Hz, 1H), 3.53 (td, J = 7.8, 3.0 Hz, 1H), 
3.36 (dt, J = 9.0, 7.0 Hz, 1H), 3.22 (dd, J = 10.9, 7.5 Hz, 1H), 1.65 (m, 1H), 1.48 (m, 1H), 
0.77 (br s, 1H). 13C NMR (600 MHz, DMSO) " 72.2, 68.0, 29.9. 11B NMR " 4.5 (q). 19F 
NMR " 139.8. 
 
  
O
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Procedure for oxidation of boronate esters 
 The crude boronate ester (ca. 0.50 mmol) and 4 mL THF:H2O (1:1) were 
added to a 20 mL vial containing a stirbar. NaBO3•4H2O (230 mg, 1.5 mmol, 
3.0 equiv) was added to the solution. The suspension was stirred at 22 ºC for 4 h until 
complete conversion of the boronate ester was observed by GC and TLC. Water (2 mL) 
was added, and the solution was extracted with CH2Cl2 (4 x 10 mL). The combined 
organic layers were dried over Na2SO4, filtered, and concentrated under vacuum. The 
crude alcohol was dissolved in CH2Cl2 (2 mL) in a 10 mL round-bottom flask with a 
stirbar. DMAP (12 mg, 0.10 mmol), Et3N (0.21 mL, 1.5 mmol), and BzCl (0.12 mL, 1.0 
mmol) were added to the flask. The mixture was stirred at 22 ºC until full conversion of 
the alcohol was observed by TLC (4-6 h). The crude reaction mixture was diluted with 
CH2Cl2 (75 mL) and washed with HCl (20 mL, 5%), NaHCO3 (20 mL, sat’d), and H2O 
(20 mL). The organic layer was dried with MgSO4, filtered, and concentrated under 
vacuum. The crude benzoate ester was isolated via silica-gel chromatography with a 
gradient of 100:0 to 85:15 hexanes:EtOAc to give 71 mg of the benzoate ester (74% 
yield) as a colorless oil. 
1H NMR (600 MHz, CDCl3) ! 8.04 (d, J = 7.2 Hz, 2H), 7.57 (t, J = 7.2 Hz, 1H), 7.40 (d, 
J = 7.2 Hz, 2H), 5.55 (td, J = 4.7, 2.4 Hz, 1H), 3.96 (3-overlapping peaks, 3H), 3.93 (td, J 
= 8.4, 4.3 Hz, 1H), 2.29 (dtd, J = 14.7, 8.4, 6.5 Hz, 1H), 2.17 (dt, J = 12.0, 5.0 Hz, 1H). 
13C NMR (151 MHz, CDCl3) ! 166.6, 133.5, 130.4, 130.0, 128.7, 75.7, 73.6, 67.5, 33.3. 
HRMS: (m/z + 1) calc’d 193.0859 found 193.0867 
 
 
O
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Procedure for the conversion of boronate esters to boronic acids 
The boronate ester (0.50 mmol) was dissolved in a THF:H2O (4:1) 
mixture (1 mL) in a 4 mL vial with a stirbar. NaIO4 (160 mg, 0.75 mmol, 
1.5 equiv) was added, and the suspension was stirred at 22 ºC for 15 min. 
HCl (aq, 1.0 M, 0.50 mL) was added, and the mixture was stirred for 12 h. After the 
completion of the reaction, H2O (5 mL) was added, and the boronic acid was extracted 
with EtOAc (4 x 25 mL). The combined organic layers were washed with H2O (20 mL) 
and brine (25 mL), dried with Na2SO4, filtered, and concentrated under vacuum to give a 
yellow solid. The solid was washed with hexanes to give a white solid (44 mg) in 76% 
yield.  
1H NMR (500 MHz, MeOD) ! 3.97 (t, J = 8.0 Hz, 1H), 3.80 (td, J = 7.9, 3.5 Hz, 1H), 
3.67 (dd, J = 15.2, 7.8 Hz, 1H), 3.59 (m, 1H), 2.06 (m, 1H), 1.84 – 1.62 (2-overlapping 
peaks, 2H). 13C NMR (500 MHz, MeOD) ! 70.1, 67.9, 28.4. 11B NMR ! 30.4. 
 
3-tetrahydrofuran boronic acid pinacol ester 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg) and 4 mol % (!6-mesitylene)Ir(Bpin)3 and Me4phen in 
THF (0.75 mL) to give 82 mg of the product in 83% yield as a colorless oil.  
1H NMR (500 MHz, CDCl3) ! 3.99 (t, J = 8.0 Hz, 1H), 3.80 (td, J = 8.0, 4.0 Hz, 1H), 
3.70 (dt, J = 8.0, 7.0 Hz, 1H), 3.61 (dd, J = 9.7, 8.0 Hz, 1H), 2.07 (m, 1H), 1.85 (m, 1H), 
1.60 (m, 1H), 1.24 (s, 12H). 13C NMR (126 MHz, CDCl3) ! 83.69, 70.59, 68.78, 29.06, 
25.06. 11B NMR ! 33.4. Anal. Calc’d for CHN : C, 60.64; H, 9.67; N, 0.00. Found C, 
60.56%; H, 9.95%; N, 0.02%. 
O
Bpin
O
B(OH)2
 127 
 
3-tetrahydropyran boronic acid pinacol ester 
The reaction was performed according to the general procedure with B2pin2 
(127 mg) and 4 mol % (!6-mesitylene)Ir(Bpin)3 and Me4phen in 
tetrahydropyran (0.75 mL) to give 95 mg of the product in 90% yield as a colorless oil.  
1H NMR (500 MHz, CDCl3) ! 3.86 (m, 2H), 3.48 (m, 2H), 1.83 (d, J = 8.9 Hz, 1H), 1.60 
– 1.53 (m, 2H), 1.38 – 1.27 (m, 1H), 1.26 (s, 12H). 13C NMR (126 MHz, CDCl3) ! 83.45, 
70.11, 68.93, 27.09, 25.34, 25.13, 25.07. 11B NMR ! 33.4. HRMS: (m/z + 1) Calc’d 
213.1662 Found 213.1665. 
 
3-hexamethyleneoxide boronic acid pinacol ester 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg) and 6 mol % (!6-mesitylene)Ir(Bpin)3 and Me4phen in 
hexamethylene oxide (0.75 mL) to give 81 mg of the product in 72% yield as a colorless 
oil.  
1H NMR (600 MHz, CDCl3) ! 3.88 (dd, J = 12.2, 4.8 Hz, 1H), 3.65 (m, 2H), 3.60 (dd, J 
= 13.8, 8.4 Hz, 1H), 1.77 (ddd, J = 19.7, 15.3, 4.1 Hz, 4H), 1.65 (m, 1H), 1.54 (dt, J = 
15.8, 10.1 Hz, 2H), 1.40 (m, 1H), 1.22 (s, 12H).13C NMR (151 MHz, CDCl3) ! 83.07, 
71.20, 69.74, 30.76, 28.47, 27.54, 24.72, 24.65. 11B NMR ! 33.1. 
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3-(5,5-dimethyl) tetrahydrofuran boronic acid pinacol ester 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg) and 4 mol % (!6-mesitylene)Ir(Bpin)3 and Me4phen in 
2,2-dimethyltetrahydrofuran (0.75 mL) to give 69 mg of the product in 61% yield as a 
colorless oil.  
1H NMR (400 MHz, CDCl3) ! 4.06 – 3.95 (m, 1H), 3.75 (dt, J = 10.4, 7.0 Hz, 1H), 1.93 – 
1.75 (m, 2H), 1.69 (d, J = 9.9 Hz, 1H), 1.27 (s, 3H), 1.24 (s, 12H), 1.18 (s, 3H). 13C NMR 
(101 MHz, CDCl3) ! 83.34, 80.77, 69.28, 41.32, 28.09, 27.79, 24.75. 11B NMR ! 33.4. 
HRMS: (m/z + 1) : calc’d 227.1813 Found 227.1820. 
 
 
7-Oxabicyclo[2.2.1]heptane-2-benzoate ester 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg) and 6 mol % (!6-mesitylene)Ir(Bpin)3 and Me4phen in 7-
oxabicyclo[2.2.1]heptane (0.75 mL) to give the crude boronate ester product. The crude 
boronate ester was converted to the benzoate ester following the general procedure for 
the oxidation of boronate esters to give 69 mg of the benzoate ester in 63% yield as a 
white solid. The stereochemistry of the major product was determined to be the exo 
product through coupling constant analysis and comparison with known mono-
substituted 7-oxabicyclo[2.2.1]heptane derivatives.26 
1H NMR (600 MHz, CDCl3) ! 8.05 (d, J = 7.2 Hz, 2H), 7.55 (t, J = 7.4 Hz, 1H), 7.43 (t, J 
= 7.8 Hz, 2H), 5.02 (dd, J = 7.2, 2.5 Hz, 1H), 4.71 (t, J = 5.1 Hz, 1H), 4.67 (d, J = 5.9 Hz, 
1H), 2.08 (dd, J = 13.3, 7.2 Hz, 1H), 1.92 – 1.86 (m, 1H), 1.83 – 1.68 (m, 2H), 1.54 – 
O
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1.48 (m, 1H), 1.48 – 1.41 (m, 1H). 13C NMR (151 MHz, CDCl3) ! 166.8, 133.4, 130.4, 
130.0, 128.6, 80.3, 75.8, 40.2, 30.1, 29.1, 25.3. 
 
potassium 2-(1,4-dioxane) trifluroborate 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg) and 4 mol % (!6-mesitylene)Ir(Bpin)3 and Me4phen in 
1,4-dioxane (0.75 mL) to give the crude boronate ester product. The crude boronate ester 
was converted to the trifluoroborate salt following the general procedure for the 
conversion of boronate esters to trifluoroborate salts to give 61 mg of the trifluoroborate 
in 63% yield. 
1H NMR (500 MHz, DMSO) ! 3.52 – 3.24 (m, 6H), 2.72 – 2.59 (m, 1H). 13C NMR (126 
MHz, DMSO) ! 69.7, 66.9, 66.4 11B NMR ! 2.4. 19F NMR ! -144.9. HRMS calc’d 
232.9765 Found 232.9773. 
 
potassium N-pivaloyl-morpholine-2-trifluoroborate 
 The reaction was performed according to the general procedure with 
B2pin2 (127 mg, 0.500 mmol, 1.00 equiv), N-pivaloylmorpholine (430 
mg, 2.5 mmol, 5.0 equiv), 8 mol % (!6-mesitylene)Ir(Bpin)3 and Me4phen in cyclohexane 
(0.50 mL) to give the crude boronate ester product. The crude boronate ester was 
converted to the trifluoroborate salt following the general procedure for the conversion of 
boronate esters to trifluoroborate salts to give 56 mg of the trifluoroborate in 41% yield. 
The connectivity of the product was determined by 2D NMR techniques. An NOE was 
observed between the t-Bu protons and the protons alpha to nitrogen. Additionally, 
O
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NOESY, COSY, and HSQC were used to determine the relative configuration of the 
remaining protons. Spectra and further explanations are shown below. The chemical 
shifts are shown below.  
 
Proton Chemical Shift (ppm) Proton Chemical Shift (ppm) 
Ha 2.42 He 2.77 
Hb 3.67 Hf 4.08 
Hc 3.11 Hg 2.71 
Hd 3.93 Ht-Bu 1.15 
 
1H NMR (400 MHz, DMSO) ! 4.08 (br d, J = 11.9 Hz, 1H), 3.93 (br d, J = 13.2 Hz, 1H), 
3.67 (dd, J = 11.1, 2.6 Hz, 1H), 3.11 (td, J = 11.6, 2.5 Hz, 1H), 2.77 (br m, 1H), 2.71 (br 
m, 1H), 2.42 (d, J = 11.6 Hz, 1H), 1.15 (d, J = 3.3 Hz, 9H). 13C NMR ! (151 MHz, 
DMSO) ! 174.70, 67.60, 49.44, 38.26, 28.51, 27.28. 11B NMR ! 4.3. 19F NMR ! -145.4. 
HRMS: (m/z-39) calc’d 238.1232 found 238.1239.  
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NOESY spectrum 
  
 
 
The proton alpha to boron resonates upfield of all the other protons; therefore, the proton 
at 2.43ppm has been assigned Ha. There is a NOE between Hf and Hd with the t-Bu 
substituent of the Piv group. This is a larger magnitude than the NOE that exists with the 
proton attached to boron Ha or Hb, which is a relatively small NOE. A NOE still exists 
with these protons due to a 1,3-diaxial interaction (the BF3K group is likely in the 
pseudoequitorial position). Because NOEs are proportional to distance, the magnitude 
was used to determine the relative distance from the Piv substituent. 
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COSY spectrum 
 
 
 
 
The positions of the protons around the ring were assigned based on the COSY spectrum. 
Hf couples to 3 protons and Hd couples to 2 protons. The relative connectivity of the 
protons with respect to boron was elucidated with this COSY data.  
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HSQC spectrum 
 
 
 
The HSQC clearly relates the protons to the carbons. Importantly, the protons Hb, Hc, and 
Ha are bound to carbons in the chemical range typical of ether linkages; whereas, Hd-g are 
bound to carbons that are in the chemical range typical for carbons alpha to amides (the 
chemical shift of the starting material was 47 ppm). The assignment of the protons can be 
qualitatively confirmed from the four broad resonances that are typical for protons alpha 
to an amide linkage due to a low barrier for rotation that rotates on the NMR time scale.  
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potassium 4-(pivaloyloxy)tetrahydrofuran 3-trifluroborate 
 The reaction was performed according to the general procedure with 
B2pin2 (127 mg) and 6 mol % (!6-mesitylene)Ir(Bpin)3 and Me4phen in 
3-tetrahydrofuranyl pivalate (1.0 g) to give the crude boronate ester product. The crude 
boronate ester was converted to the trifluoroborate salt following the general procedure 
for the conversion of boronate esters to trifluoroborate salts to give 55 mg of the 
trifluoroborate in 40% yield. The relative stereochemistry of the product was determined 
by NOESY. A NOE was observed between the t-Bu of the pivalate group and the proton 
alpha to boron. The NOESY spectrum with a more detailed discussion are below in the 
spectral data section. 
1H NMR (500 MHz, DMSO) ! 4.99 (br s, 1H), 3.81 (t, J = 7.9 Hz, 1H), 3.52 (dd, J = 9.7, 
4.1 Hz, 1H), 3.44-3.34 (2-overlapping peaks, 2H), 1.33 (br s, 1H), 1.09 (s, 9H). 13C NMR 
(151 MHz, DMSO) ! 177.92, 80.42, 73.55, 70.78, 38.38, 27.14. 11B NMR ! 4.2 (br s). 
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NOESY spectrum 
 
 
 
 
The proton alpha to boron resonates upfield from the other protons is assigned to be 1.3 
ppm (Ha). The proton alpha to –OPiv is downfield of the other ethereal protons and is 
assigned to be 4.9 ppm (Hb). There is a NOE between the proton alpha to boron and the t-
Bu group from the Piv substituent. There is also a NOE between Hc and the Piv 
substitutent. There is no NOE between Hb and Ha. From this spectrum, we assigned the 
relative stereochemistry of boron to the –OPiv as anti. The other protons overlap (3 
protons within a 0.1 ppm range), which prevented us from making confident assignments. 
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Chapter 5. Synthesis of Aminoalkyl and Alkoxyalkylboronate Esters via C-H 
Borylation1 
5.1 Introduction 
Alkylboron reagents are versatile synthetic intermediates that undergo a variety of 
transformations.2 For example, cross coupling and amination reactions of aliphatic 
organoboron compounds have been developed recently,3 and these reactions add to the 
classical oxidation of alkylboron reagents to alcohols. Traditional methods to form these 
aliphatic organoboron reagents include the addition of a reactive organometallic species, 
such as an alkyl lithium or alkyl Grignard reagent, to an electrophilic boron compound or 
the hydroboration of olefins.4 Both of these methods require a functionalized precursor, 
such as an alkyl halide or an olefin. Furthermore, the hydroboration of enol ethers or 
simple acyclic enamines derived from aldehydes to form alkoxoxyboranes and 
aminoboranes often results in elimination products.5-7 
Molander and co-workers reported the Suzuki-Miyaura cross-coupling of 
aminoalkyl and alkoxyalkyl trifluroborate salts.8-16 These reagents are commonly 
synthesized from potassium bromomethyltrifluoroborates by nucleophilic displacement 
reactions (eq 5.1).17 Alternatively, they are prepared by conversion of the bromoethyl 
ethers into the corresponding organoboron species through a Cu-catalyzed borylation 
reaction (eq 5.2).12 Although these reactions occur in good yields, prefunctionalized alkyl 
halide starting materials are still required.  
A method to prepare aminoalkyl and alkoxyalkyl organoboron reagents through 
iridium-catalyzed C-H borylation reactions is discussed in this chapter. The boronate 
esters generated by these processes can be converted into the trifluoroborate salts (eq 5.3) 
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that undergo cross-coupling reactions or, in some cases, directly undergo Suzuki-Miyaura 
cross-coupling reactions at the pinacolboronates (eq 5.4).  
 
Our group reported rhodium and ruthenium complexes that catalyze the C-H 
borylation of primary aliphatic C-H bonds. The small scale, typically 0.15 mmol or 
smaller, and high reaction temperatures of 150 ºC limited the synthetic utility of these 
reactions.18-20 An iridium-phenanthroline system that catalyzes the borylation of 
secondary C-H bonds in cyclic ethers21 and cyclopropanes22 to yield the corresponding 
aliphatic boronate ester products is discussed elsewhere in this thesis (Chapters 4 and 6). 
Suginome and co-workers showed that similar iridium-phenanthroline catalysts convert 
methyl silanes to the corresponding boronate ester products.23  
5.2 Results and Discussion 
To determine the potential of iridium complexes of substituted phenanthroline 
ligands to catalyze the borylation of primary C-H bonds, reactions of alkyl ethers and 
alkyl amines on a synthetically relevant scale were investigated. We began our 
investigation by studying the C-H borylation of cyclic methyl amines. The reaction of N-
CH2Br2
1. nBu-Li
2. B(OR)3
3. KHF2
BrCH2BF3K
RX–H RX BF3K          (5.1)
Previous routes to borylmethyl and borylethyl amines and ethers
This work
R X CH3( )
X = N, O
B2pin2, Ir cat
RO Br
B2pin2, Cu cat
R X ( ) Bpin
R X ( ) BF3K   (5.3)
n n
n
X = O, NR
RO Bpin
KHF2
RO BF3K   (5.2)
R X ( ) Ar        (5.4)n
KHF2
Pd, ArX
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methylmorpholine with bis-pinacolatodiboron (B2pin2) in the presence of (!6-mes)IrBpin3 
(mes = mesitylene) and 3,4,7,8-tetramethylphenanthroline (Me4phen) as ligand generated 
the aminomethylboronate ester product (5.1) in 88% yield (Table 5.1). Although 
competitive borylation of the secondary C-H bonds occurred, the product from borylation 
of the primary C-H bond formed in high yield. The same reaction catalyzed by 
[Cp*RhCl2]2, which our group previously showed to catalyze the borylation of ethyl 
amines on small scale, gave a low yield of 5.1 (<30%).19  
In order to suppress secondary C-H borylation a number of planar, neutral 
dinitrogen ligands were tested. Catalysts containing more electron-deficient 
phenanthroline ligands led to a better selectivity for borylation of the primary C-H bonds, 
but the yield of 5.1 was lower in reactions conducted with these ligands (entries 2-3). 
When a more sterically demanding ligand was introduced, neocuprine, the selectivity was 
increased slightly, but again this resulted in a lower yield (entry 5). A number of 
bipyridine ligands were also examined. Reactions conducted with these ligands gave a 
higher selectivity for the primary borylation but lower yield of the desired product. These 
same iridium catalysts containing bipyridine ligands were unreactive towards simple 
alkanes, such as octane. Reactions conducted with a ligand containing a larger bite angle 
(L10) gave good selectivity for primary borylation and a good yield of the product. A 
more electron-donating variant of this ligand may lead to higher yields in these and other 
aliphatic C-H borylation reactions. Finally, dinitrogen ligands containing oxazoline 
moieties were tested (entries 12-15). Reactions conducted with the unsubstituted bis-
oxazoline (L12) gave a high yield of 5.1, and a high selectivity was also observed for the 
primary borylation product.  
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Table 5.1. Identification of an iridium catalyst for methyl amine borylation 
 
entry ligand ratioa yieldb entry ligand ratioa yieldb 
1 L1 80:20 88% 9 L9 97:3 56% 
2 L2 87:13 39% 10 L10 97:3 64% 
3 L3 91:9 12% 11 L11 59:41 34% 
4 L4 74:26 36% 12 L12 98:2 80% 
5 L5 84:16 17% 13 L13 97:3 58% 
6 L6 95:5 54% 14 L14 97:3 49% 
7 L7 97:3 39% 15 L15 97:3 56% 
8 L8 96:4 58%     
a ratio of products from the borylation of position 1:(2+2’). b yield of 5.1 determined by gas 
chromatographic analysis with isododecane as internal standard. 
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After developing a method for the C-H borylation of methylamines, a method to 
directly cross couple the aminomethylboronate ester products was sought. The reaction 
5.1, prepared by C-H borylation under the above conditions with Me4phen as ligand 
followed by evaporation of the volatile components, with 4-bromoanisole in the presence 
of Pd(dba)2 (5 mol %), Q-Phos (5 mol %), and CsF proceeded in good yield (83% 
isolated yield). Only the aminomethyl boron compound 5.1 reacted; no product from 
coupling of the secondary boronate ester side product was observed. Because the cross-
coupling reaction only occurred selectively with the primary boronate ester product and 
the highest yields were observed in reactions with Me4phen as the ligand, it was used as 
the ligand for the remainder of the studies. 
The scope of the one-pot borylation and arylation of methyl amines is 
summarized in Table 6.2.  The sequence of C-H borylation and arylation occurs with a 
number of cyclic methyl amines, including methyl substituted morpholine, piperidine, 
piperazine, and pyrrollidine (entries 1-5). Both electron-rich (entries 6-7) and electron-
deficient aryl bromides (entries 8-11) underwent the coupling reaction with the 
aminomethylboronate esters in good yields. Reactions of these boronates with aryl 
chlorides also occurred, although the yields were slightly lower than those of reactions 
conducted with aryl bromides (entries 7-10). Heteroaryl bromides also underwent the 
coupling reaction with 5.1 in good yields (entries 12-13). The C-H borylation portion of 
the sequence also occurred with commercially available [Ir(COD)OMe]2 in place of the 
trisboryl catalyst precursor, but higher loadings of the catalyst components were required 
(entry 2). 
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Table 5.2. One-pot borylation and arylation of methyl amines  
 
entry producta entry producta 
1 
2 
 
X = Br, 83% 
(55%)b,c 
8  
X = Br, 75% 
X = Cl, 75% 
3  
X = Br, 72%c 
9  
X = Br, 70% 
X = Cl, 68% 
4  
X = Br, 70% 
10  
X = Br, 64% 
X = Cl, 45% 
5  
X = Br, 55%c 
11  
X = Br, 85% 
6  
X = Br, 78% 
12  
X = Br, 66% 
7  
X = Br, 82% 
X = Cl, 59% 
13  X = Br, 69% 
a Reaction conditions: 1. B2pin2 (1.33 equiv), (!6-mes)IrBpin3 (4 mol %), 3,4,7,8-Me4phen (4 mol %), 
neat, 120 ºC, 24 h; 2. Ar-X (1.0 equiv), Pd(dba)2 (5 mol %), Q-phos (5 mol %), CsF (3 equiv), dioxane:H2O 
(5:1), 100 ºC, 24 h. b Reaction was conducted with B2pin2 (1.5 equiv), [Ir(COD)OMe]2 (5 mol %), 3,4,7,8-
Me4phen (10 mol %). c Reaction conducted for 48 h. 
X
N Me
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Fe Pt-Bu2
O
N
OMe O
N
CN
N
OMe O
N
NO2
MeN
N
OMe O
N
F3C
N
OMe O
N
CO2Et
O
N
Me O
N
N
O
N
OMeMe O
N
S
! 144 
The C-H borylation of acyclic amines to generate aminoalkyl boronate esters also 
occurs (Table 6.3). To facilitate isolation of the aliphatic boronate esters, the crude 
product was converted to the corresponding air-stable potassium trifluoroborate salts. The 
C-H borylation of diethyl and triethyl amines occurred in good yield to form ethyl 
aminoboronate esters (entries 1-4). The borylation of N-ethylmorpholine occurred to give 
one major product resulting from the borylation of the ethyl group (entry 5). The tertiary 
amine nPr3N lacking ethyl groups also underwent the borylation in good yield (entry 6).  
The borylation of the ethyl groups in amines occurs preferentially over the 
borylation of methyl, propyl, and butyl groups. Surprisingly, the C-H borylation of 
Et2NMe occurred exclusively at the primary C-H bonds of the ethyl group over the more 
acidic and weaker C-H bonds of the N-methyl position (entry 1). The borylation of 
Et2NnPr and Et2NnBu also occurred selectively at the ethyl groups in 83:17 and 86:14 
ratios, respectively. The regioselectivity for reaction at the primary C-H bond of N-
ethylmorpholine over the ring positions (94:6) was higher than that for borylation of the 
methyl group of N-methylmorpholine (80:20). 
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Table 5.3. Iridium-catalyzed C-H borylation of alkyl amines 
 
entry substrate product GC yield of RBpina isolated 
yieldb 
1 
  
84% 54% 
2 
  
103% 68% 
3 
  
108% 
Et:nPr = 83:17 79% 
4 
  
129% 
Et:nBu = 86:14 92% 
5 
  
98%c 
1:2+2ʼ= 94:6 74%
d 
6 
  
95%c 78% 
a Reaction Conditions: B2pin2 (1 equiv), (!6-mes)IrBpin3 (2 mol %), 3,4,7,8-Me4phen (2 mol %), neat, 120 
ºC, 24 h. Yield determined by gas chromatographic analysis with isododecane as internal standard. The 
yield is based on the moles of product per mole of B2pin2; a yield above 100% reflects the conversion of the 
HBpin byproduct to the alkylBpin. b Isolated as trifluoroborate salt. Conditions: KHF2 (4.5 M, aq, 4 equiv), 
MeOH, 22 ºC, 3 h. c 4 mol % catalyst. d Contained 10% of an inseparable impurity by 1H NMR 
spectroscopy; see Supporting Information for details. 
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The borylation of the C-H bonds of alkyl ethers occurred with lower catalyst 
loadings than the borylation of methyl- and ethylamines. Alkyl ethyl ethers underwent the 
borylation reaction with 1 mol % of the catalyst in good yields. The yields exceeded 
100% based on the quantity of diboron reagent, which indicates that the byproduct HBpin 
reacts with the ethers to form some of the functionalized product (entries 1-4). The 
borylation of less activated dibutyl ether occurred in good yield, but a higher catalyst 
loading was required (entry 5). Pivalate-protected alcohols were tolerated by the C-H 
borylation of ethyl groups (entry 6).  
Methyl ethers also underwent C-H borylation. These reactions were selective for 
borylation at the methyl group (entries 7-8) over a tert-butyl group or a cyclopentyl 
group. The products of the borylation of methyl groups were somewhat unstable to the 
reaction conditions leading to a lower yield of the products. This instability was 
corroborated by the product distribution from the borylation of two methyl positions of  
n-BuOMe over time. At early time points, the selectivity for the borylation of n-BuOMe 
was 85:15. However, at longer time points decomposition of the alkoxymethylboronate 
ester led to a lower apparent 62:38 selectivity for the borylation of the methyl group of n-
BuOMe over the primary C-H bond of the butyl group. 
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Table 5.4. Iridium-catalyzed C-H borylation of alkyl ethers 
 
 
entry substrate product GC yield of 
RBpina 
isolated yieldb 
1   
146% 
Et:Pr = 85:15 104% 
2   
130% 
Et:nBu = 87:13 101% 
3   112%
c 79% 
4   142% 112% 
5   118%
d 99% 
6   67%
d,e 60%f 
7   77%
d,e 56% 
8 
  
65%d,e 52% 
9 
  
111% 
1:2 = 86:14 86% 
10 
  
70%d 56%f 
a Reaction Conditions: B2pin2 (1 equiv), (!6-mes)IrBpin3 (1 mol %), 3,4,7,8-Me4phen (1 mol %), neat, 120 
ºC, 24 h. Yield determined by gas chromatographic analysis with isododecane as internal standard. The 
yield is based on the moles of product per mole of B2pin2; a yield above 100% reflects the conversion of the 
HBpin byproduct to the alkylBpin. b Conditions: KHF2 (4.5 M, aq, 4 equiv), MeOH, 22 ºC, 3 h. c 36 h; d 4 
mol % catalyst; e 100 ºC; f Isolated as boronate ester. 
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Like the borylation of ethyl amines, the borylation of the ethyl ethers occurred 
preferentially at the ethyl group over longer-chain alkyl groups. The reaction of ethyl n-
propyl and ethyl n-butyl ether occurred with 85:15 and 87:13 selectivity for reaction at 
the ethyl group, respectively. In addition, the borylation occurred with moderate 
selectively for the ethyl group of ethers that contain three different types of primary C-H 
bonds. The borylation of ethyl sec-butyl ether occurred with 86:14 selectivity for a 
primary C-H bond of the ethyl group over the less hindered of the two types of primary 
C-H bonds in the sec-butyl group (entry 9). Finally, the borylation of ethyl (-) menthyl 
ether occurred exclusively on the ethyl group of the ethyl ether (entry 10). 
The boronate esters generated from the C-H borylation of ethyl and butyl ethers 
can be converted into other products. The pinacolate esters of ethoxy and butoxyboronic 
acids underwent Suzuki-Miyaura cross-coupling with aryl bromides under conditions 
recently reported by Steel, Marder and Liu (eq 5.6 and 5.7).24 Unfortunately, attempts to 
conduct the cross coupling of the aminoethylboronate esters under these conditions were 
unsuccessful. The oxidation of the product from the borylation of dibutyl ether also 
occurred under standard conditions in good yield (eq 5.8). 
 
 
BpinBuO +
Pd(dba)2 (5.0 mol%)
RuPhos (7.5 mol%)
NaOtBu (3 equiv)
toluene:H2O = 10:1
80 °C, 20 h
Br
( )4
PhBuO ( )4
(5.6)
86% yield
PCy2
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To understand the origin of the site selectivity of the reaction, we conducted DFT 
calculations of the C-H borylation of methyl butyl ether. We presume that the active 
catalyst is the Me4phen-ligated iridium-trisboryl complex (2) (Figure 1), which is 
Me4phen analog of the trisboryl intermediate in the Ir-catalyzed C-H borylation of arenes 
catalyzed by [Ir(OMe)(COD)]2 and di-tert-butylbipyridine.25-26 We propose that the 
reaction undergoes a similar boron–assisted oxidative addition of the C-H bond and 
reductive elimination of the C-B bond that has been computed to occur for the borylation 
of arenes.27-28 The catalyst then would be regenerated by displacement of product by 
B2pin2, oxidative addition of the diboron compound, and reductive elimination of HBpin. 
 
Bpin
Pd(dba)2 (5.0 mol%)
RuPhos (7.5 mol%)
NaOtBu (3 equiv)
toluene:H2O = 10:1
80 °C, 20 h
tBuO
tBuO
Br
+
88% yield
(5.7)
1. NaBO3•H2O
    THF:H2O (1:1), 22 ºC
BpinBuO ( )4
OBz        (5.8)BuO ( )42. BzCl, Et3N, DMAP
    DCM, 0 ºC – 22 ºC 71% yield
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Figure 5.1. Proposed catalytic cycle for the C-H borylation of alkyl ethers. 
According to the computational results, the transition state with the highest-
energy is that for C-H bond cleavage. The computed transition state energies for the C-H 
activation step (30.2 kcal/mol) and for the C-B formation step (25.6 kcal/mol) involving 
functionalization of the methyl group of the ether were lower than the computed energies 
for the analogous transition states involving the primary C-H bonds of the butyl group 
(35.0 kcal/mol and 29.8 kcal/mol, respectively, Figure 2). Although the computed energy 
difference between these transition states is larger than that corresponding to the 
selectivities we observed experimentally, these data suggest that the site selectivity of 
these processes is controlled by the relative energies of the C-H activation step and that 
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addition of the C-H bond of the ethyl group is favored over addition of the C-H bond of 
the butyl group.  
 
Figure 5.2. Computed energies for C-H activation and C-B reductive elimination for 
MeOBu. 
 
Scheme 5.1. Measurement of the kinetic isotope effect  
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The rate constants for the borylation of primary C-H bonds in cyclohexyl methyl 
ether and cyclohexylmethyl ether-d3 were measured, and a primary kinetic isotope effect 
of 2.9 was observed (Scheme 5.1). These data suggest that the rate-determining step 
involves C-H bond cleavage and are consistent with the computational results. 
5.3. Conclusions 
In conclusion, the C-H borylation of alkyl amines and ethers to produce aliphatic 
boron compounds that can be difficult to produce through traditional methods was 
reported. The high reactivity we observed for the borylation of cyclic ethers at the !-
position extend to acyclic ethers and amines. The aminomethylboronate ester product 
directly undergoes Suzuki-Miyaura cross-coupling reactions, while he products from the 
borylation of the acyclic alkyl amines and ethers were readily converted to the stable 
trifluoroborate salts. Studies on the origin of the electronic effect on the borylation of 
alkyl C-H bonds, and the identification of catalysts for the reactions of these substrates in 
an inert solvent are ongoing. 
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5.4. Experimental 
General Experimental Details 
All C-H borylation reactions were conducted under an argon atmosphere in a Braun 
drybox. The conversion of the alkylboronate esters to trifluoroborates were conducted 
under an atmosphere of air in 20 mL vials sealed with Teflon-lined caps. All other 
reactions were conducted under an argon atmosphere unless otherwise noted. Amine and 
ether substrates were purchased from Alfa-Aesar or Sigma-Aldrich and were dried over a 
Na/benzophenone ketyl, degassed by a freeze-pump-thaw cycle (3x) and vacuum 
transferred from the Na/benzophenone ketyl. Isododecane was obtained from Alfa-Aesar, 
degassed via a freeze-pump-thaw cycle (3x), and stored over molecular sieves. (!6-
mesitylene)Ir(Bpin)3 was prepared in two steps from [Ir(COD)Cl]2 (obtained from 
Johnson-Matthey) according to a literature procedure.29 [Ir(COD)OMe]2 was obtained 
from Johnson Mathey and stored at -35 °C in the glovebox. 3,4,7,8-
Tetramethylphenanthroline was purchased from Sigma-Aldrich and used as received. All 
other ligands tested were commercially available and used as received. 
 
Flash column chromatography was performed on Silicycle Siala-P silica gel or on a 
Teledyne Isco CombiFlash Rf automated chromatography system with 4 g RediSep Rf 
Gold normal-phase silica columns. Products were visualized on TLC plates by staining 
with CAM or KMnO4 or by a 254 nm UV lamp. GC-MS data were obtained on an 
Agilent 6890-N GC system containing an Alltech EC-1 capillary column and an Agilent 
5973 mass selective detector. NMR spectra were acquired on a 400 MHz Varian Unity 
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instrument or on 500 MHz Varian Unity or Inova instruments at the University of Illinois 
VOICE NMR facility or on a 400 MHz Bruker or a 600 Bruker Instrument at the 
University of California, Berkeley NMR facility. Chemical shifts are reported in ppm 
relative to a residual solvent peak (CDCl3 = 7.26 ppm for 1H and 77.16 ppm for 13C; 
(CD3)2SO = 2.50 ppm for 1H and 39.52 ppm for 13C, CD3OD = 3.31 ppm and 49.00 for 
13C). Mass spectroscopy analyses were performed at the Berkeley Mass Spectrometry 
Center. The resonances for the carbon atoms attached to boron were not observed due to 
the boron quadrupole. 
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General Procedure for the Borylation and Cross-Coupling for Methyl Amines 
 
 In an argon-filled glove box, B2pin2 (170 mg, 0.67 mmol, 1.3 equiv relative to aryl 
halide), (!6-mesitylene)Ir(Bpin)3 (18.3 mg, 0.026 mmol, 4.00 mol %), and 3,4,7,8-
tetramethylphenanthroline (Me4phen) (6.2 mg, 0.026 mmol, 4.0 mol %) were combined 
in a 4-mL vial containing a stirbar. The substrate (9 equiv) was added, and the vial was 
sealed with a Teflon-lined cap. The reaction was heated at 120 °C for 24 h in a heating 
block. The solution became dark red upon heating. The completion of the reaction was 
confirmed by gas chromatography or 11B NMR spectroscopy, as indicated by full 
conversion of B2pin2. The reaction was typically dark brown or black upon completion. 
The volatile materials were evaporated under reduced pressure.  
 Under an argon atmosphere, Pd(dba)2 (14.4 mg, 0.0250 mmol, 5.00 mol %), Q-
Phos (17.7 mg, 0.0250 mmol, 5.00 mol %), CsF (228 mg, 1.50 mmol), aryl halide (0.50 
mmol) and dioxane (0.75 mL) were added to the vial. The vial was sealed with a Teflon-
lined septum cap. Degassed water (0.15 mL) was added outside of the glovebox. The 
reaction was heated at 100 °C for 24 h. After allowing the reaction to cool to room 
temperature, water (10 mL) was added, and the aqueous layer was extracted with DCM 
(4 x 15 mL). The combined organic layers were dried with Na2SO4, filtered, and 
concentrated. The crude residue was purified by silica-gel chromatography to yield the 
coupled product. 
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N-(4-methoxybenzyl)morpholine17  
The reaction was performed according to the general procedure 
with B2pin2 (170 mg, 0.67 mmol, 1.3 equiv), N-
methylmorpholine (606 mg, 6.00 mmol), (!6-mesitylene)Ir(Bpin)3 (18.3 mg, 0.026 mmol, 
4.00 mol %) and Me4phen (6.2 mg, 0.026 mmol, 4.0 mol %) to give the crude boronate 
ester product after 24 h at 120 ºC. The crude boronate ester underwent the cross coupling 
reaction according to the general procedure. The crude benzyl amine was isolated by 
column chromatography with a gradient of 95:5:0 to 76:4:20 hexanes:Et3N:ethyl acetate 
to give 86.2 mg (0.416 mmol, 83%) of the coupled product as an oil.  
1H NMR (400 MHz, CDCl3) ! 7.23 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 3.80 (s, 
3H), 3.70 (t, J = 4.6 Hz, 4H), 3.43 (s, 2H), 2.42 (t, J = 4.6 Hz, 4H).  
N-(4-methoxybenzyl)piperidine30  
The reaction was performed according to the general procedure 
with B2pin2 (170 mg, 0.67 mmol, 1.3 equiv), N-methyl 
piperidine (597 mg, 6.00 mmol), (!6-mesitylene)Ir(Bpin)3 (18.3 mg, 0.026 mmol, 4.00 
mol %) and Me4phen (6.2 mg, 0.026 mmol, 4.00 mol %) to give the crude boronate ester 
product after 48 h at 120 ºC. The crude boronate ester underwent the cross coupling 
reaction according to the general procedure. The crude benzyl amine was isolated by 
column chromatography with a gradient of 95:5:0 to 76:4:20 hexanes:Et3N:ethyl acetate 
to give 74.0 mg (0.360 mmol, 72%) of the coupled product as an oil. 
1H NMR (400 MHz, CDCl3) ! 7.22 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.6 Hz, 2H), 3.80 (s, 
3H), 3.41 (s, 2H), 2.35 (s, 4H), 1.56 (dt, J = 11.0, 5.6 Hz, 4H), 1.46 – 1.38 (m, 2H). 
O
N
OMe
N
OMe
! 157 
N-(4-methoxybenzyl)-N’-methylpiperazine9 
The reaction was performed according to the general 
procedure with B2pin2 (170 mg, 0.67 mmol, 1.3 equiv), 
N,N’-dimethyl piperazine (687 mg, 6.00 mmol), (!6-mesitylene)Ir(Bpin)3 (18.3 mg, 
0.026 mmol, 4.00 mol %) and Me4phen (6.2 mg, 0.026 mmol, 4.00 mol %) to give the 
crude boronate ester product after 24 h at 120 ºC. The crude boronate ester underwent the 
cross coupling reaction according to the general procedure. The crude benzyl amine was 
isolated by column chromatography with a gradient of 95:5:0 to 76:4:20 
hexanes:Et3N:ethyl acetate to give 77.4 mg (0.351 mmol, 70%) of the coupled product as 
an oil. 
1H NMR (400 MHz, CDCl3) ! 7.22 (d, J = 8.5 Hz, 2H), 6.84 (d, J = 8.5 Hz, 2H), 3.78 (s, 
3H), 3.43 (s, 2H), 2.73 – 2.14 (m, 11H). 
N-(4-methoxybenzyl)pyrrolidine9 
The reaction was performed according to the general procedure 
with B2pin2 (170 mg, 0.67 mmol, 1.3 equiv), N-
methylpyrrolidine (513 mg, 6.00 mmol), (!6-mesitylene)Ir(Bpin)3 (18.3 mg, 0.026 mmol, 
4.00 mol %) and Me4phen (6.2 mg, 0.026 mmol, 4.00 mol %) to give the crude boronate 
ester product after 48 h at 120 ºC. The crude boronate ester underwent the cross coupling 
reaction according to the general procedure. The crude benzyl amine was isolated by 
column chromatography with a gradient of 95:5:0 to 76:4:20 hexanes:Et3N:ethyl acetate 
to give 52.5 mg (0.275 mmol, 55%) of the coupled product as an oil. 
MeN
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1H NMR (600 MHz, CDCl3) ! 7.24 (d, J = 8.6 Hz, 2H), 6.87 – 6.83 (m, 2H), 3.80 (s, 3H), 
3.55 (s, 2H), 2.54 – 2.44 (m, 4H), 1.83 – 1.70 (m, 4H). 
N-(4-methylbenzyl)morpholine31  
The reaction was performed according to the general procedure 
with B2pin2 (170 mg, 0.67 mmol, 1.3 equiv), N-
methylmorpholine (606 mg, 6.00 mmol), (!6-mesitylene)Ir(Bpin)3 (18.3 mg, 0.026 mmol, 
4.00 mol %) and Me4phen (6.2 mg, 0.026 mmol, 4.00 mol %) to give the crude boronate 
ester product after 24 h at 120 ºC. The crude boronate ester underwent the cross coupling 
reaction according to the general procedure. The crude benzyl amine was isolated by 
column chromatography with a gradient of 95:5:0 to 76:4:20 hexanes:Et3N:ethyl acetate 
to give 74.2 mg (0.388 mmol, 78%) of the coupled product as an oil. 
1H NMR (400 MHz, CDCl3) ! 7.21 (d, J = 7.9 Hz, 2H), 7.13 (d, J = 7.9 Hz, 2H), 3.70 (t, 
J = 7.9 Hz, 4H), 3.46 (s, 2H), 2.43 (m, (t, J = 7.9 Hz, 4H), 2.34 (s, 3H). 
N-(4-methoxy-2-methylbenzyl)morpholine  
The reaction was performed according to the general procedure 
with B2pin2 (170 mg, 0.67 mmol, 1.3 equiv), N-
methylmorpholine (606 mg, 6.00 mmol), (!6-mesitylene)Ir(Bpin)3 (18.3 mg, 0.026 mmol, 
4.00 mol %) and Me4phen (6.2 mg, 0.026 mmol, 4.00 mol %) to give the crude boronate 
ester product after 24 h at 120 ºC. The crude boronate ester underwent the cross coupling 
reaction according to the general procedure. The crude benzyl amine was isolated by 
column chromatography with a gradient of 95:5:0 to 76:4:20 hexanes:Et3N:ethyl acetate 
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to give 91.2 mg (0.412 mmol, 82%) (X = Br) and 65.1 mg (0.294 mmol, 59%) (X = Cl) 
of the coupled product as an oil. 
1H NMR (400 MHz, CDCl3) ! 7.13 (d, J = 8.3 Hz, 1H), 6.73 (d, J = 2.6 Hz, 1H), 6.67 
(dd, J = 8.3, 2.7 Hz, 1H), 3.78 (s, 3H), 3.67 (t, J =4.7 Hz, 4H), 3.39 (s, 2H), 2.42 (m, J 
=4.7 Hz, 4H), 2.36 (s, 3H). 13C NMR (101 MHz, CDCl3) ! 158.64, 139.09, 131.14, 
128.15, 115.98, 110.23, 67.12, 60.76, 55.11, 53.53, 19.43. HRMS: (m/z + 1) calc’d 
222.1489 found 222.1492. 
N-(4-cyanobenzyl)morpholine32  
The reaction was performed according to the general procedure 
with B2pin2 (170 mg, 0.67 mmol, 1.3 equiv), N-
methylmorpholine (606 mg, 6.00 mmol), (!6-mesitylene)Ir(Bpin)3 (18.3 mg, 0.026 mmol, 
4.00 mol %) and Me4phen (6.2 mg, 0.026 mmol, 4.00 mol %) to give the crude boronate 
ester product after 24 h at 120 ºC. The crude boronate ester underwent the cross coupling 
reaction according to the general procedure. The crude benzyl amine was isolated by 
column chromatography with a gradient 95:5:0 to 76:4:20 hexanes:Et3N:ethyl acetate to 
give 76.2 mg (0.377 mmol, 75%) (X = Br) and 75.9 mg (0.375 mmol, 75%) (X = Cl) of 
the coupled product as an oil. 
1H NMR (400 MHz, CDCl3) ! 7.60 (d, J = 8.2 Hz, 2H), 7.45 (d, J = 8.2 Hz, 2H), 3.70 (t, 
J = 4.6 Hz, 4H), 3.53 (s, 2H), 2.43 (t, J = 4.6 Hz, 4H). 
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N-(4-nitrobenzyl)morpholine31  
The reaction was performed according to the general procedure 
with B2pin2 (170 mg, 0.67 mmol, 1.3 equiv), N-
methylmorpholine (606 mg, 6.00 mmol), (!6-mesitylene)Ir(Bpin)3 (18.3 mg, 0.026 mmol, 
4.00 mol %) and Me4phen (6.2 mg, 0.026 mmol, 4.00 mol %) to give the crude boronate 
ester product after 24 h at 120 ºC. The crude boronate ester underwent the cross coupling 
reaction according to the general 95:5:0 to 76:4:20 hexanes:Et3N:ethyl acetate to give 
78.1 mg (0.351 mmol, 70%) (X = Br) and 75.2 mg (0.338 mmol, 68%) (X = Cl) of the 
coupled product as an oil. 
1H NMR (400 MHz, CDCl3) ! 8.16 (d, J = 8.7 Hz, 1H), 7.51 (d, J = 8.6 Hz, 2H), 3.71 (t, 
J =4.7 Hz, 4H), 3.58 (s, 2H), 2.44 ((t, J =4.7 Hz, 4H). 
N-(2-trifluoromethylbenzyl)morpholine  
The reaction was performed according to the general procedure with 
B2pin2 (170 mg, 0.67 mmol, 1.3 equiv), N-methylmorpholine (606 
mg, 6.00 mmol), (!6-mesitylene)Ir(Bpin)3 (18.3 mg, 0.026 mmol, 4.00 mol %) and 
Me4phen (6.2 mg, 0.026 mmol, 4.00 mol %) to give the crude boronate ester product after 
24 h at 120 ºC. The crude boronate ester underwent the cross coupling reaction according 
to the general procedure. The crude benzyl amine was isolated by column 
chromatography with a gradient of 95:5:0 to 76:4:20 hexanes:Et3N:ethyl acetate to give 
78.8 mg (0.321 mmol, 64%) (X = Br) and 55.0 mg (0.224 mmol, 45%) (X = Cl) of the 
coupled product as an oil. 
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1H NMR (400 MHz, CDCl3) ! 7.80 (d, J = 7.8 Hz, 1H), 7.63 (d, J = 7.8 Hz, 1H), 7.51 (t, 
J = 7.6 Hz, 1H), 7.33 (t, J = 7.6 Hz, 1H), 3.72 (t, J = 4.6 Hz, 4H), 3.66 (s, 2H), 2.48 (t, J 
= 4.6 Hz, 4H). 13C NMR (101 MHz, CDCl3) ! 137.33, 131.66, 130.34, 128.72 (q, J = 
30.2 Hz), 126.81, 125.72 (q, J = 30.2 Hz), 123.06, 67.05, 58.58, 53.63. HRMS: (m/z) 
calc’d 245.1027 found 245.1031. 
ethyl 4-(morpholinomethyl)benzoate 
The reaction was performed according to the general 
procedure with B2pin2 (170 mg, 0.67 mmol, 1.3 equiv), N-
methylmorpholine (606 mg, 6.00 mmol), (!6-mesitylene)Ir(Bpin)3 (18.3 mg, 0.026 mmol, 
4.00 mol %) and Me4phen (6.2 mg, 0.026 mmol, 4.00 mol %) to give the crude boronate 
ester product after 24 h at 120 ºC. The crude boronate ester underwent the cross coupling 
reaction according to the general procedure. The crude benzyl amine was isolated by 
column chromatography with a gradient of 95:5:0 to 76:4:20 hexanes:Et3N:ethyl acetate 
to give 105.8 mg (0.424 mmol, 85%) of the coupled product as an oil. 
1H NMR (400 MHz, CDCl3) ! 7.98 (d, J = 8.2 Hz, 2H), 7.39 (d, J = 8.1 Hz, 2H), 4.35 (q, 
J = 7.1 Hz, 2H), 3.69 (t, J = 4.6 Hz, 4H), 3.52 (s, 2H), 2.42 (t, J = 4.6 Hz, 4H), 1.37 (t, J 
= 7.1 Hz, 3H). 13C NMR (101 MHz, CDCl3) ! 166.43, 143.15, 129.48, 129.36, 128.83, 
66.89, 62.96, 60.70, 53.57, 14.18. HRMS: (m/z + 1) calc’d 250.1438 found 250.1439. 
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3-(morpholinomethyl)pyridine10 
The reaction was performed according to the general procedure with 
B2pin2 (170 mg, 0.67 mmol, 1.3 equiv), N-methylmorpholine (606 
mg, 6.00 mmol), (!6-mesitylene)Ir(Bpin)3 (18.3 mg, 0.026 mmol, 4.00 mol %) and 
Me4phen (6.2 mg, 0.026 mmol, 4.00 mol %) to give the crude boronate ester product after 
24 h at 120 ºC. The crude boronate ester underwent the cross coupling reaction according 
to the general procedure. The crude benzyl amine was isolated by column 
chromatography with a gradient of 95:5:0 to 76:4:20 hexanes:Et3N:ethyl acetate to give 
58.6 mg (0.329 mmol, 66%) of the coupled product as an oil. 
1H NMR (400 MHz, CDCl3) ! 8.52 (d, J = 1.5 Hz, 1H), 8.48 (dd, J = 4.8, 1.4 Hz, 1H), 
7.65 (d, J = 7.8 Hz, 1H), 7.23 (dd, J = 7.7, 4.8 Hz, 1H), 3.68 (t, J = 4.6 Hz, 4H), 3.48 (s, 
2H), 2.42 (m, J = 4.6 Hz, 4H). 
3-(morpholinomethyl)thiophene 
The reaction was performed according to the general procedure with 
B2pin2 (170 mg, 0.67 mmol, 1.3 equiv), N-methylmorpholine (606 
mg, 6.00 mmol), (!6-mesitylene)Ir(Bpin)3 (18.3 mg, 0.026 mmol, 4.00 mol %) and 
Me4phen (6.2 mg, 0.026 mmol, 4.00 mol %) to give the crude boronate ester product after 
24 h at 120 ºC. The crude boronate ester underwent the cross coupling reaction according 
to the general procedure. The crude benzyl amine was isolated by column 
chromatography with a gradient of 95:5:0 to 76:4:20 hexanes:Et3N:ethyl acetate to give 
63.4 mg (0.345 mmol, 69%) of the coupled product as an oil. 
O
N
N
O
N
S
! 163 
1H NMR (400 MHz, CDCl3) ! 7.27 (dd, J = 4.9, 3.0 Hz, 1H), 7.12 (d, J = 1.9 Hz, 1H), 
7.06 (dd, J = 4.9, 0.9 Hz, 1H), 3.70 (t, J = 4.6 Hz, 4H), 3.52 (s, 2H), 2.44 (t, J = 4.6 Hz, 
4H). 13C NMR (101 MHz, CDCl3) ! 138.73, 128.53, 125.54, 122.98, 67.03, 58.05, 53.58. 
HRMS: (m/z + 1) calc’d 184.0791 found 184.0794. 
General Procedure for the Borylation of Alkyl Amines and Ethers 
In an argon-filled glove box, B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 
(13.9 mg, 0.0200 mmol, 4.00 mol %), and tetramethylphenanthroline (4.7 mg, 0.0200 
mmol, 4.00 mol %) were combined in a 4-mL vial with a stirbar. The substrate (10 equiv) 
was added, and the vial was sealed with a Teflon-lined cap. The reaction was heated to 
120 °C for 24 h in a heating block. The solution became dark red upon heating. The 
completion of the reaction was confirmed by gas chromatography or 11B NMR 
spectroscopy as indicated by full conversion of B2pin2. The reaction was typically dark 
brown or black upon completion. The volatile materials were evaporated under reduced 
pressure.  
The crude boronate ester and MeOH (2.5 mL) were added to a 20 mL vial containing a 
stirbar. An aqueous solution of KHF2 (4.5M, 2.2 mmol, 4.5 equiv) was added to the vial 
dropwise. The solution was stirred at 22 ºC for 3 h. The stirbar was removed, and the 
solution was concentrated via rotary evaporator at 30 torr and 50 ºC. After the removal of 
solvent under vacuum, the residual pinacol was removed by adding three portions of 
aqueous methanol (1:1) (4 mL) and further concentrating via rotary evaporator. The solid 
that was obtained was triturated with acetone (4 x 4 mL) and filtered through a 0.22 µm 
filter. The acetone solution was evaporated to yield a solid. Yields are based on B2pin2; a 
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yield greater than 100% yield indicates that the byproduct HBpin, which is generated 
under the reaction conditions, reacts with the substrate to form some of the functionalized 
product. 
2-(ethylmethylamino)ethyltrifluoroborate 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (6.9 mg, 
0.010 mmol, 2 mol %), Me4phen (2.4 mg, 0.010 mmol, 2 mol %), and diethylmethyl 
amine (435 mg, 5.00 mmol) to give the crude boronate ester product after 24 h at 120 ºC. 
The crude boronate ester was converted to the potassium trifluoroborate salt according to 
the general procedure. The trifluoroborate salt was isolated as a white solid in 54% yield 
(52.1 mg, 0.270 mmol).  
1H NMR (400 MHz, DMSO) ! 2.88 (q, J = 7.3 Hz, 1H), 2.81 – 2.71 (m, 2H), 2.51 (s, 
3H), 1.12 (t, J = 7.3 Hz, 3H), 0.35 – 0.20 (m, 2H). 13C NMR (101 MHz, DMSO) ! 55.37, 
49.03, 38.23, 9.57. 11B NMR (128 MHz, DMSO) ! 3.63. 19F NMR (376 MHz, DMSO) ! 
-137.24. HRMS: (m/z + 1) Calc’d 194.0725 Found 194.0724. 
2-(diethylamino)ethyltrifluoroborate 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (6.9 mg, 
0.010 mmol, 2 mol %), Me4phen (2.4 mg, 0.010 mmol, 2 mol %), and triethylamine (505 
mg, 5.00 mmol) to give the crude boronate ester product after 24 h at 120 ºC. The crude 
boronate ester was converted to the potassium trifluoroborate salt according to the 
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general procedure. The trifluoroborate salt was isolated as a white solid in 68% yield (70. 
mg, 0.34 mmol).  
1H NMR (400 MHz, DMSO) ! 3.02 (q, J = 7.3 Hz, 4H), 2.93 – 2.83 (m, 2H), 1.133 (t, J 
= 7.3 Hz, 6H), 0.38 – 0.21 (m, 2H). 13C NMR (101 MHz, DMSO) ! 51.38, 45.25, 8.74. 
11B NMR (128 MHz, DMSO) ! 3.45 (s). 19F NMR (376 MHz, DMSO) ! -136.80. 
HRMS: (m/z + 1) Calc’d 208.0881 Found 208.0880. 
2-(ethylpropylamino)ethyltrifluoroborate 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (6.9 mg, 
0.010 mmol, 2 mol %), Me4phen (2.4 mg, 0.010 mmol, 2 mol %), and 
diethylpropylamine (575 mg, 5.00 mmol) to give the crude boronate ester product after 
24 h at 120 ºC. The crude boronate ester was converted to the potassium trifluoroborate 
salt according to the general procedure. The trifluoroborate salt was isolated as a white 
solid in 79% yield (87.2 mg, 0.395 mmol). The 1H NMR data reflects the major 
regioisomer. The 13C NMR data is shown for both isomers. 
1H NMR (400 MHz, DMSO) ! 2.92 (q, J = 7.2 Hz, 2H), 2.85 – 2.73 (m, 4H), 1.60 – 1.46 
(m, 2H), 1.11 (t, J = 7.2 Hz, 3H), 0.89 (t, J = 7.4 Hz, 3H), 0.34 – 0.18 (m, 2H). 13C NMR 
(101 MHz, DMSO) ! 52.20, 51.51, 46.25, 45.82, 17.26, 11.11, 10.86, 9.08. 11B NMR 
(128 MHz, DMSO) ! 3.97. 19F NMR (376 MHz, DMSO) ! -136.90 (minor), -137.46 
(major). HRMS: (m/z + 1) Calc’d 222.1038 Found 222.1036. 
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2-(ethylbutylamino)ethyltrifluoroborate 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (6.9 mg, 
0.010 mmol, 2 mol %), Me4phen (2.4 mg, 0.010 mmol, 2 mol %), and butyldiethylamine 
(645 mg, 5.00 mmol) to give the crude boronate ester product after 24 h at 120 ºC. The 
crude boronate ester was converted to the potassium trifluoroborate salt according to the 
general procedure. The trifluoroborate salt was isolated as a white solid in 92% yield 
(108 mg, 0.46 mmol). The 1H NMR data reflects the major regioisomer. The 13C NMR 
data is shown for both isomers. 
1H NMR (400 MHz, DMSO) ! 2.88 (q, J = 7.2 Hz, 2H), 2.82 – 2.72 (m, 4H), 1.56 – 1.42 
(m, 2H), 1.36 – 1.24 (m, 2H), 1.09 (t, J = 7.1 Hz, 3H), 0.91 (t, J = 7.2 Hz, 3H), 0.25 (s, 
2H).13C NMR (101 MHz, DMSO) ! 51.41, 50.39, 46.35, 45.85, 26.00, 19.67, 13.66, 
11.63, 9.28. 11B NMR (128 MHz, DMSO) ! 3.85. 19F NMR (376 MHz, DMSO) ! -
136.90 (minor), -137.41 (major). HRMS: (m/z + 1) Calc’d 236.1194 Found 236.1193. 
2-morpholinoethyltrifluoroborate 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (14 mg, 
0.020 mmol, 4 mol %), Me4phen (4.8 mg, 0.020 mmol, 4 mol %), and N-ethylmorpholine 
(575 mg, 5.00 mmol) to give the crude boronate ester product after 24 h at 120 ºC. The 
crude boronate ester was converted to the potassium trifluoroborate salt according to the 
general procedure. The trifluoroborate salt was isolated as a white solid in 74% yield (82 
mg, 0.37 mmol). The NMR data reflects the major regioisomer. 
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1H NMR (500 MHz, DMSO) ! 3.55 (t, J = 4.3 Hz, 4H), 2.37 – 2.26 (br, 4H), 2.25-2.20 
(m, 2H), 0.18 (m, 2H). 13C NMR (126 MHz, CDCl3) ! 66.20, 57.25, 53.13. 11B NMR 
(160 MHz, CDCl3) ! 4.89. 19F NMR (565 MHz, DMSO) ! -137.56. HRMS: (m/z + 1) 
Calc’d 222.0674 Found 222.0672. 
3-(dipropylamino)propyltrifluoroborate 
The reaction was performed according to the general procedure 
with B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (14 
mg, 0.020 mmol, 4 mol %), Me4phen (4.8 mg, 0.020 mmol, 4 mol %), and tripropylamine 
(715 mg, 5.00 mmol) to give the crude boronate ester product after 24 h at 120 ºC. The 
crude boronate ester was converted to the potassium trifluoroborate salt according to the 
general procedure. The trifluoroborate salt was isolated as a colorless oil in 78% yield (97 
mg, 0.39 mmol).  
1H NMR (400 MHz, DMSO) ! 2.58 – 2.45 (m, 6H), 1.53 – 1.38 (m, 4H), 1.38 – 1.25 (m, 
2H), 0.85 (t, J = 7.3 Hz, 6H), -0.03 – -0.15 (m, 2H). 13C NMR (101 MHz, DMSO) ! 
56.77, 54.85, 21.50, 18.76, 11.50. 11B NMR (128 MHz, DMSO) ! 4.56. 19F NMR (376 
MHz, DMSO) ! -136.91. HRMS: (m/z + 1) Calc’d 250.1351 Found 250.1351. 
2-propoxyethyltrifluoroborate 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (3.5 mg, 5.0 x 
10-3 mmol, 1 mol %), Me4phen (1.2 mg, 5.0 x 10-3 mmol, 1 mol %), and propyl ethyl 
ether (440 mg, 5.0 mmol) to give the crude boronate ester product after 24 h at 120 ºC. 
The crude boronate ester was converted to the potassium trifluoroborate salt according to 
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the general procedure. The trifluoroborate salt was isolated as a white solid in 104% yield 
(101 mg, 0.520 mmol). The NMR data reflects the major regioisomer. 
1H NMR (400 MHz, DMSO) ! 3.25 (t, J = 13.2 Hz, 2H), 3.18 (t, J = 6.7 Hz, 2H), 1.52 – 
1.38 (m, 2H), 0.83 (t, J = 7.4 Hz, 3H), 0.40 – 0.26 (m, 2H). 13C NMR (101 MHz, DMSO) 
! 71.23, 71.12, 23.11, 11.17. 11B NMR (128 MHz, DMSO) ! 4.32. 19F NMR (376 MHz, 
DMSO) ! -135.12 (major), -136.24 (minor). HRMS: (m/z - K) Calc’d 155.0861 Found 
155.0862. 
2-butoxyethyltrifluoroborate 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (3.5 mg, 5.0 x 
10-3 mmol, 1 mol %), Me4phen (1.2 mg, 5.0 x 10-3 mmol, 1 mol %), and butyl ethyl ether 
(510 mg, 5.0 mmol) to give the crude boronate ester product after 24 h at 120 ºC. The 
crude boronate ester was converted to the potassium trifluoroborate salt according to the 
general procedure. The trifluoroborate salt was isolated as a white solid in 101% yield 
(105 mg, 0.505 mmol). The NMR data reflects the major regioisomer. 
1H NMR (600 MHz, DMSO) ! 3.30 – 3.17 (m, 4H), 1.45 – 1.37 (m, 2H), 1.34 – 1.22 (m, 
2H), 0.86 (t, J = 7.4 Hz, 3H), 0.41 – 0.27 (m, 2H). 13C NMR (151 MHz, DMSO) ! 70.86, 
68.74, 31.72, 19.13, 13.92. 11B NMR (193 MHz, DMSO) ! 3.72. 19F NMR (565 MHz, 
DMSO) ! -136.96 (major), -137.96 (minor). HRMS: (m/z - K) Calc’d 169.1017 Found 
169.1019. 
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2-tert-butoxyethyltrifluoroborate 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (3.5 mg, 5.0 
x 10-3 mmol, 1 mol %), Me4phen (1.2 mg, 5.0 x 10-3 mmol, 1 mol %), and tert-butyl ethyl 
ether (510 mg, 5.0 mmol) to give the crude boronate ester product after 36 h at 120 ºC. 
The crude boronate ester was converted to the potassium trifluoroborate salt according to 
the general procedure. The trifluoroborate salt was isolated as a colorless oil in 79% yield 
(82.2 mg, 0.395 mmol).  
1H NMR (600 MHz, DMSO) ! 3.21 (t, J = 9.0 Hz, 2H), 1.07 (s, 9H), 0.32 – 0.17 (m, 2H). 
13C NMR (151 MHz, DMSO) ! 70.77, 60.88, 27.79. 11B NMR (193 MHz, DMSO) ! 
3.87. 19F NMR (565 MHz, DMSO) ! -136.76. HRMS: (m/z - K) Calc’d 169.1017 Found 
169.1019. 
2-(2-ethoxyethoxy)ethyltrifluoroborate 
 The reaction was performed according to the general procedure 
with B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (3.5 mg, 5.0 x 10-3 mmol, 1 
mol %), Me4phen (1.2 mg, 5.0 x 10-3 mmol, 1 mol %), and diethyl ethylene glycol (590 
mg, 5.0 mmol) to give the crude boronate ester product after 24 h at 120 ºC. The crude 
boronate ester was converted to the potassium trifluoroborate salt according to the 
general procedure. The trifluoroborate salt was isolated as a colorless oil in 112% yield 
(125 mg, 0.56 mmol).  
1H NMR (400 MHz, DMSO) ! 3.42 (t, J = 5.2 Hz, 2H), 3.40 (t, J = 7.2 Hz, 2H), 3.35 (t, J 
= 5.2 Hz, 2H), 3.29 (t, J = 9.0 Hz, 2H), 1.09 (t, J = 7.2 Hz, 2H), 0.38 – 0.29 (m, 2H). 13C 
tBu O BF3K
EtO O BF3K
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NMR (101 MHz, DMSO) ! 71.30, 69.46, 68.56, 65.51, 15.14. 11B NMR (128 MHz, 
DMSO) ! 4.24. 19F NMR (565 MHz, DMSO) ! -136.92. HRMS: (m/z - K) Calc’d 
185.0966 Found 185.0968. 
4-butoxybutyltrifluoroborate 
The reaction was performed according to the general procedure 
with B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 
(14 mg, 0.020 mmol, 4 mol %), Me4phen (4.8 mg, 0.020 mmol, 4 mol %), and dibutyl 
ether (650 mg, 5.0 mmol) to give the crude boronate ester product after 24 h at 120 ºC. 
The crude boronate ester was converted to the potassium trifluoroborate salt according to 
the general procedure. The trifluoroborate salt was isolated as a colorless oil in 99% yield 
(117 mg, 0.497 mmol). 
1H NMR (600 MHz, DMSO) ! 3.28 (dt, J = 13.7, 6.6 Hz, 4H), 1.48 – 1.36 (m, 4H), 1.33 
– 1.26 (m, 2H), 1.18 – 1.10 (m, 2H), 0.86 (t, J = 7.3 Hz, 3H), 0.00 – -0.10 (m, 2H). 13C 
NMR (151 MHz, DMSO) ! 70.89, 69.60, 33.18, 31.51, 22.05, 18.99, 13.84. 11B NMR 
(193 MHz, DMSO) ! 4.24. 19F NMR (565 MHz, DMSO) ! -138.00. HRMS: (m/z - K) 
Calc’d 197.1330 Found 197.1332. 
2-pivaloyloxyethylboronic acid pinacolate ester 
  The reaction was performed according to the general procedure with 
B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (14 mg, 0.020 
mmol, 4 mol %), Me4phen (4.8 mg, 0.020 mmol, 4 mol %), and ethyl pivalate (650 mg, 
5.0 mmol) to give the crude boronate ester product after 3 h at 100 ºC. The crude 
boronate ester was isolated by column chromatography with a gradient of hexanes : ethyl 
nBu O BF3K
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ether 100 : 0 to 10 : 1 to give the boronate ester in 60% yield (77.2 mg, 0.301 mmol) as a 
colorless oil. 
1H NMR (600 MHz, CDCl3) ! 4.17 (t, J = 7.6 Hz, 2H), 1.23 – 1.21 (2-overlapping peaks, 
14H), 1.16 (s, 9H). 13C NMR (151 MHz, CDCl3) ! 178.48, 83.26, 61.55, 38.54, 27.14, 
24.78. 11B NMR (600 MHz, CDCl3) ! 32.50. HRMS (m/z + 1) Calc’d 257.1919 Found 
257.1917. 
tert-butoxymethyltrifluoroborate8 
 The reaction was performed according to the general procedure with 
B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (14 mg, 0.020 mmol, 4 mol %), 
Me4phen (4.8 mg, 0.020 mmol, 4 mol %), and tert-butyl methyl ether (440 mg, 5.0 
mmol) to give the crude boronate ester product after 24 h at 100 ºC. The crude boronate 
ester was converted to the potassium trifluoroborate salt according to the general 
procedure. The trifluoroborate salt was isolated as a white solid in 56% yield (54.1 mg, 
0.558 mmol). 
1H NMR (600 MHz, DMSO) ! 2.29 (q, J = 5.4 Hz, 2H), 1.00 (s, 9H). 
cyclopentylmethyltrifluoroborate8 
 
 The reaction was performed according to the general procedure with 
B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (14 mg, 
0.020 mmol, 4 mol %), Me4phen (4.8 mg, 0.020 mmol, 4 mol %), and cyclopentyl methyl 
ether (500 mg, 5 mmol) to give the crude boronate ester product after 24 h at 100 ºC. The 
crude boronate ester was converted to the potassium trifluoroborate salt according to the 
t-Bu O BF3K
O BF3K
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general procedure. The trifluoroborate salt was isolated as a white solid in 52% yield 
(53.1 mg, 0.258 mmol). 
1H NMR (500 MHz, DMSO) ! 3.60 – 3.49 (m, 1H), 2.42 – 2.30 (m, 2H), 1.60 – 1.48 (m, 
4H), 1.49 – 1.40 (m, 2H), 1.40 – 1.31 (m, 2H). 
2-(sec-butoxy)ethyltrifluoroborate 
 
The reaction was performed according to the general procedure with 
B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (3.5 mg, 5.0 
x 10-3 mmol, 1 mol %), Me4phen (1.2 mg, 5.0 x 10-3 mmol, 1 mol %),and sec-butyl ethyl 
ether (510 mg, 5.0 mmol) to give the crude boronate ester product after 24 h at 120 ºC. 
The crude boronate ester was converted to the potassium trifluoroborate salt according to 
the general procedure. The trifluoroborate salt was isolated as a white solid in 86% yield 
(89.2 mg, 0.429 mmol). 
1H NMR (400 MHz, DMSO) ! 3.34 – 3.28 (m, 1H), 3.25-3.12 (m, 2H), 1.48 – 1.24 (m, 
2H), 0.98 (d, J = 6.0 Hz, 3H), 0.80 (t, J = 7.4 Hz, 3H), 0.40-0.20 (m, 2H). 13C NMR (101 
MHz, DMSO) ! 74.31, 68.18, 28.96, 19.48, 9.78. The reported peaks are for the major 
regioisomer. 11B NMR (128 MHz, DMSO) ! 4.19. 19F NMR (376 MHz, DMSO) ! -
135.04 (major), -136.47 (minor). HRMS: (m/z - K) Calc’d 169.1017 Found 169.1018. 
2-((-) menthyl) ethylboronic acid pinacol ester 
 The reaction was performed according to the general procedure 
with B2pin2 (127 mg, 0.500 mmol), (!6-mesitylene)Ir(Bpin)3 (14 
mg, 0.020 mmol, 4 mol %), Me4phen (4.8 mg, 0.020 mmol, 4 mol 
O BF3K
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%), and (-) menthyl ethyl ether (920 mg, 5.0 mmol) to give the crude boronate ester 
product after 24 h at 100 ºC. The crude boronate ester was isolated by column 
chromatography with a gradient of hexanes to ethyl ether 100 : 0 to 5 : 1 to give the 
boronate ester in 56% yield (87.7 mg (0.283 mmol) as a colorless oil. 
.1H NMR (600 MHz, CDCl3) ! 3.73 (td, J = 9.2, 6.3 Hz, 1H), 3.42 (td, J = 9.2, 6.6 Hz, 
1H), 3.00 (td, J = 10.5, 4.1 Hz, 1H), 2.28 – 2.18 (m, 1H), 2.11 (d, J = 10.9 Hz, 1H), 1.66 
– 1.59 (m, 2H), 1.39 – 1.27 (m, 1H), 1.24 (s, 12H), 1.21 – 1.08 (m, 3H), 0.99 – 0.92 (m, 
1H), 0.92 (d, J = 6.6Hz, 3H), 0.85 (d, J = 6.6Hz, 3H), 0.82 (br m, 2H), 0.75 (d, J = 6.6 
Hz, 3H). 13C NMR (151 MHz, CDCl3) ! 83.02, 78.60, 64.79, 48.17, 40.56, 34.61, 31.55, 
25.38, 24.86, 24.72, 23.38, 22.32, 20.96, 16.33. HRMS (m/z) Calc’d 310.2679, Found 
310.2685. 
1-butoxy-4-phenylbutane 
The cross coupling of 4-butoxybutylboronic acid pinacol ester was 
conducted according to a literature procedure.24 In a argon-filled glovebox, 
Pd2(dba)3 (8.6 mg, 0.015 mmol), NaOtBu (86.5 mg, 0.900 mmol), and Ruphos (10.5 mg, 
0.023 mmol) were added to a 4 mL vial equipped with a stir bar. Toluene (0.8 mL), 
bromobenzene (47 mg, 0.30 mmol), and the alkylboronic ester (99 mg, 0.39 mmol) were 
added, and water (0.08 mL) was added outside the glovebox. The resulting reaction 
mixture was stirred at 80 ºC for 20 h. The reaction mixture was then diluted with EtOAc, 
filtered through silica gel, and the silica gel was washed with EtOAc. The crude mixture 
was concentrated, and purified by column chromatography to give a colorless oil in 86% 
yield (53.2 mg, 0.259 mmol). 
PhBuO ( )4
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1H NMR (500 MHz, CDCl3) ! 7.29 (t, J = 7.5 Hz, 2H), 7.24 – 7.15 (m, 3H), 3.43 (t, J = 
6.4 Hz, 2H), 3.41 (t, J = 6.8 Hz, 2H), 2.65 (t, J = 7.5 Hz, 2H), 1.74 – 1.68 (m, 2H), 1.66 – 
1.62 (m, 2H), 1.60 – 1.54 (m, 2H), 1.44 – 1.33 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H). 13C 
NMR (126 MHz, CDCl3) ! 142.65, 128.55, 128.37, 125.78, 70.82, 70.81, 35.88, 31.98, 
29.56, 28.23, 19.50, 14.08. HRMS: (m/z) Calc’d 206.1671 Found 206.1676. 
1-tert-butoxy-2-naphthylethane 
 The cross-coupling of 2-tert-butoxyethyl boronic acid pinacol 
ester was conducted according to a literature procedure.24 In a 
argon-filled glovebox, Pd2(dba)3 (8.6 mg, 0.015 mmol), NaOtBu (86.5 mg, 0.900 mmol), 
and Ruphos (10.5 mg, 0.023 mmol) were added to a 4 mL vial equipped with a stir bar. 
Toluene (0.8 mL), 2-bromonaphthalene (62 mg, 0.30 mmol), and the alkylboronic ester 
(89 mg, 0.39 mmol) were added. Water (0.08 mL) was added outside the glovebox. The 
resulting reaction mixture was stirred at 80 ºC for 20 h. added outside the glovebox. The 
resulting reaction mixture was stirred at 80 ºC for 20 h. The reaction mixture was then 
diluted with EtOAc, filtered through silica gel, and the silica gel was washed with 
EtOAc. The crude mixture was concentrated, and purified by column chromatography to 
give a colorless oil in 88% yield (60.2 mg, 0.264 mmol). 
1H NMR (500 MHz, CDCl3) ! 7.85 – 7.79 (m, 3H), 7.71 (s, 1H), 7.51 – 7.39 (m, 3H), 
3.67 (t, J = 7.5 Hz, 1H), 3.03 (t, J = 7.4 Hz, 1H), 1.22 (s, 3H). 13C NMR (126 MHz, 
CDCl3) ! 137.08, 133.67, 132.23, 127.90, 127.82, 127.71, 127.57, 127.28, 125.96, 
125.31, 73.05, 63.09, 37.69, 27.66. HRMS: (m/z) Calc’d 228.1514 Found 228.1520. 
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(4-butoxy)butylbenzoate 
The oxidation of the boronate ester was performed according to a literature 
procedure.21 The boronate ester (130 mg, 0.50 mmol) and 4 mL THF:H2O 
(1:1) were added to a 20 mL vial containing a stirbar. NaBO3•4H2O (230 mg, 1.5 mmol, 
3.0 equiv) was added to the solution. The suspension was stirred at 22 ºC for 4 h until 
complete conversion of the boronate ester was observed by GC and TLC. Water (2 mL) 
was added, and the solution was extracted with CH2Cl2 (4 x 10 mL). The combined 
organic layers were dried over Na2SO4, filtered, and concentrated under vacuum. The 
crude alcohol was dissolved in CH2Cl2 (2 mL) in a 10 mL round-bottom flask with a 
stirbar. DMAP (12 mg, 0.10 mmol), Et3N (0.21 mL, 1.5 mmol), and BzCl (0.12 mL, 1.0 
mmol) were added to the flask. The mixture was stirred at 22 ºC until full conversion of 
the alcohol was observed by TLC (4-6 h). The crude reaction mixture was diluted with 
CH2Cl2 (75 mL) and washed with HCl (20 mL, 5%), NaHCO3 (20 mL, sat’d), and H2O 
(20 mL). The organic layer was dried with MgSO4, filtered, and concentrated under 
vacuum. The crude benzoate ester was isolated via silica-gel chromatography with a 
gradient of 100:0 to 85:15 hexanes:EtOAc to give 89 mg of the benzoate ester (71% 
yield) as a colorless oil. 
1H NMR (500 MHz, CDCl3) ! 8.04 (d, J = 7.5 Hz, 2H), 7.55 (t, J = 7.3 Hz, 1H), 7.43 (t, J 
= 7.6 Hz, 2H), 4.34 (t, J = 6.5 Hz, 2H), 3.47 (t, J = 6.3 Hz, 2H), 3.42 (t, J = 6.6 Hz, 2H), 
1.89 – 1.81 (m, 2H), 1.77 – 1.71 (m, 2H), 1.60 – 1.51 (m, 2H), 1.42 – 1.31 (m, 2H), 0.92 
(t, J = 7.4 Hz, 3H). 13C NMR (126 MHz, CDCl3) ! 166.77, 132.96, 130.54, 129.67, 
128.44, 70.89, 70.33, 64.97, 31.96, 26.51, 25.76, 19.50, 14.07. HRMS: (m/z) Calc’d 
250.1569 Found 250.1566. 
OBzBuO
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Chapter 6. Iridium-Catalyzed C-H Borylation of Cyclopropanes1 
6.1 Introduction 
Cyclopropanes are common structural motifs that are parts of natural products and 
many biologically active molecules (Figure 6.1).2-6 Cyclopropanes have unique steric and 
electronic properties and reactivities that originate from their rigid and highly strained 
structure. Thus, cyclopropanes are more susceptible to oxidation or nucleophilic attack 
under physiological conditions. Since these are rigid structures, they can be incorporated 
to form compounds with constrained confirmations. For instance, they have been 
introduced to form constrained peptides.  
 
 Figure 6.1. Biologically active compounds containing a cyclopropane moiety 
A classic method to synthesize cyclopropanes is the Simmons-Smith 
cyclopropanation of an olefin and a carbene.7-9 Many stereoselective variants of this 
reaction have been reported.10-11 Recently, other methods to introduce the cyclopropyl 
group have emerged that rely on metal-catalyzed cross coupling of an organometallic 
cyclopropyl precursor and an aryl halide.11-14 In addition, oxidative coupling reactions of 
cyclopropylboronic acids and amines to form cyclopropylamines have been reported.15-16  
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Scheme 6.1 Simmons-Smith cyclopropanation 
An attractive alternative to the synthesis of cyclopropanes from olefins is the C-H 
functionalization of substituted and readily available cyclopropanes. Yu and co-workers 
reported the stereoselective C-H functionalization of cyclopropylamides.17 In this case, 
the reaction occurred with substrates that contain a basic group that coordinates to the 
catalyst to facilitate C-H functionalization. Based on this directing effect, the products of 
these reactions are cis-substituted cyclopropanes. In addition, Cramer and co-workers 
reported an asymmetric, intramolecular C-H functionalization of cyclopropanes, but 
intermolecular reactions were not reported.18  
 
Scheme 6.2 C-H functionalization of cyclopropanes 
To expand the synthetic utility of the borylation of aliphatic C-H bonds, we 
sought to identify an iridium catalyst for the C-H borylation of cyclopropanes. 
Previously, our laboratory reported the borylation of primary aliphatic C-H bonds with a 
diboron reagent in the presence of rhodium or ruthenium catalysts.19-21 However, these 
catalysts were unreactive toward the functionalization of secondary C-H bonds. As 
discussed in Chapter 3, studies on the stoichiometric reactivity of aromatic C-H bonds 
with iridium-trisboryl complexes, which are intermediates in the borylation of arenes, 
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showed that more electron-rich iridium-trisboryl complexes react faster with aromatic C-
H bonds than do less electron-rich complexes, and iridium-trisboryl complexes 
containing bulky phosphine ligands react more slowly with aromatic C-H bonds than do 
complexes containing bipyridine ligands.22-26 Based on these observations, the borylation 
of primary and secondary C-H bonds of cyclic ethers with an iridium-3,4,7,8-
tetramethylphenanthroline (Me4phen) catalyst, described in Chapter 4, was developed.27  
To create a synthetically useful method for the borylation of cyclopropanes, high 
site selectivity and diastereoselectivity would be required. At the beginning of this 
project, it was not obvious where the C-H functionalization would occur. A simple 
cyclopropane (Figure 6.2) contains a number of different C-H bonds that have different 
steric and electronic properties. The tertiary C-H bond of the cyclopropane is the most 
electron-rich C-H bond. The C-H bonds at the methylene position of the cyclopropane are 
the strongest C-H bonds but also the most acidic C-H bonds. Finally, the reaction could 
occur at the least sterically hindered position, which is the case for most aliphatic C-H 
borylation reactions. If high site selectivity could be achieved for the C-H bond at the 
methylene position, then it would be necessary to differentiate between the two-
diasterotopic protons to achieve high stereoselectivity. In Chapter 6, the borylation of 
cyclopropane C-H bonds at the methylene position in the presence of an iridium-
phenanthroline catalyst to yield predominantly the trans-substituted cyclopropylboronate 
esters without a directing group is described.   
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Figure 6.2. Steric and electronic properties in C-H bonds in cyclopropanes 
6.2 Results and Discussion 
A number of ligands and solvents were investigated in the borylation of 
cyclopropanes. The effect of various reaction parameters on the yields of the borylation 
of a representative cyclopropane is shown in Table 6.1. The reaction catalyzed by (!6-
mes)IrBpin3 (mes = mesitylene) and 4,4’-di-tert-butylbipyridine (dtbpy) proceeded in a 
modest 42% yield (entry 1). Dtbpy is the ligand that generated the most reactive iridium 
catalyst for the borylation of arene C-H bonds.21,28 The reaction of bromocyclopropane 
with bis(pinacolato)diboron (B2pin2) at 100 °C in the presence of 4 mol % of (!6-
mes)IrBpin3 and Me4phen, which is the same combination of iridium and ligand that 
catalyzed the borylation of cyclic ethers, generated 68% yield of the cyclopropylboronate 
ester product (entry 2). However, this reaction occurred with low diastereoselectivity 
(60:40).  
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Table 6.1. Borylation of bromocyclopropane 
 
entry ligand solvent yield (%)a d.r. 
1 4,4’-dtbpy Cy-H 42 59:41 
2 3,4,7,8-Me4phen Cy-H 68 60:40 
3 2,9-Me2phen Cy-H 65 97:3 
4 2,9-Me2phen THF 73b 97:3 
5 2,9-Me2phen Bu2O 53 97:3 
6 2,9-Me2phen THF 38c 97:3 
7 2,9-Me2phen THF 81d 97:3 
aYield of boronate ester based on bromocyclopropane (0.25 mmol) determined by gas chromatographic 
analysis with isododecane as an internal standard. b10% diborylation product. cPinacolborane as the boron 
reagent. d1.3 equiv of bromocyclopropane and 1.0 equiv of B2pin2. 
High yield and diastereoselectivity were achieved by conducting the reaction with 
a more sterically hindered, chelating nitrogen ligand. The reaction catalyzed by  (!6-
mes)IrBpin3 and 2,9-dimethylphenanthroline (Me2phen) occurred with 97:3 
diastereoselectivity (entry 3). Presumably, this increase in diastereoselectivity is due to 
the greater steric demand of the 2,9-dimethyl ligand near the metal center.  
The borylation of bromocyclopropane occurred faster and in higher yield when 
conducted in THF solvent than when conducted in cyclohexane or Bu2O (entries 3-5); 
however, a small amount of product from diborylation of the cyclopropane (ca. 10%) was 
observed. Reactions conducted with pinacolborane as the boron reagent occurred in lower 
yield than those with B2pin2. By employing a slight excess of the cyclopropane, relative 
Br
Bpin
Br
H B2pin2
B B
O
OO
O
+
(!6-mes)Ir(Bpin)3 (4 mol %)
Ligand (4 mol %)
Solvent, 100 ºC, 12 h
 184 
to B2pin2, the diborylation of bromocyclopropane was reduced, and the reaction occurred 
in 81% yield with 97:3 diastereoselectivity. 
The scope of the borylation of cyclopropanes with B2pin2 as reagent in the 
presence of (!6-mes)IrBpin3 and Me2phen as catalyst is shown in Table 6.2. 
Cyclopropanes containing halide, ester, carbonyl, protected carbonyl, and nitrile 
functionalities were converted to the corresponding boronate esters in good yields 
(entries 1-5).  
The diastereoselectivity correlates with the size of the substituent on the 
cyclopropane, and the yield depends on the electronic properties of the cyclopropane. For 
example, a much lower diastereoselectivity was observed for cyanocyclopropane (64:36) 
than for bromocyclopropane (97:3) (entries 1 and 5). Cyclopropanes containing alkyl 
substituents were less reactive towards C-H borylation than cyclopropanes containing 
electron-withdrawing groups. Reactions of these cyclopropanes in THF solvent gave 
products from the borylation the cyclopropane and the THF solvent (ca. 3:1). However, 
these less reactive cyclopropanes were converted to the corresponding cyclopropyl 
boronate esters in acceptable yield in cyclohexane as solvent and with an excess (3 equiv) 
of the cyclopropane to the diboron reagent (entries 6-8). The excess of the cyclopropane 
increased the rate of the reaction and eliminated the formation of diborylation products.  
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Table 6.2. Scope of the borylation of cyclopropanes  
 
entry product yield (%)a d.r. 
1 
 
81 97:3 
2 
 
76 83:17 
3 
 
96 96:4 
4 
  
50 99:1 
5 
 
76 64:36 
6 
 
57c,d 90:10 
7 
 
59c 90:10 
8 
 
65c 91:9 
9 
 
52 85:15 
10 
 
67e 76:24 
a Yield of boronate ester based on B2pin2 (0.50 mmol) determined by gas chromatographic analysis with 
isododecane as an internal standard. b Reaction conducted with 3 equiv. cyclopropane c Reaction conducted 
with 3 equiv. cyclopropane in Cy-H at 100 °C with 6 mol % Ir catalyst. d Reaction conducted with Me4phen 
as ligand. e Reaction was conducted with 1.0 equiv cyclopropane and 1.5 equiv B2pin2. 
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Under these conditions, alkylcyclopropanes containing various substituents 
formed the borylation product. The reaction of cyclopropanes containing protected 
alcohols and amines were converted to the corresponding boronate esters (entries 7-8). 
1,1-Disubstituted cyclopropanes were much less reactive under these borylation 
conditions than were mono-substituted cyclopropanes, but a moderate yield of the 
borylcyclopropane was achieved from reactions of 1,1-disubstituted cyclopropanes in 
which one of the two substituents is relatively small (entry 9). Finally, cis-1,2-
disubstituted cyclopropanes underwent the borylation to give the product containing the 
boryl group trans to the other two substituents. A minor diastereomer resulted from 
epimerization of the product containing the two-ester groups trans to each other. The 
origin of this epimerization is not known at this time. 
Reactions conducted with (!6-mes)IrBpin3 as a catalyst precursor are faster and 
occur with higher turnover numbers than those conducted with common iridium(I) 
catalyst precursors. However, to allow a more widespread use of this chemistry, we also 
evaluated the borylation of cyclopropanes with a commercially available iridium catalyst 
precursor. The borylation of cyclopropanes occurred with commercial [Ir(COD)OMe]2 
(COD = cyclooctadiene) to give moderate yields of the products when the reactions were 
conducted with catalyst loadings of 10 mol % and a temperature of 100 °C. These 
loadings and temperatures are higher than those of reactions initiated with (!6-
mes)IrBpin3 (4 mol %, 90 °C) (Table 6.3, entries 1-4) but do occur in acceptable yield. It 
has been shown previously that the iridium-trisboryl complex ligated by dtbpy, which is a 
catalytic intermediate in the C-H borylation of arenes, can be formed in situ with 
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pinacolborane. The use of the method to generate the active catalyst did not increase the 
rate or the yield of the C-H borylation product. 
Table 6.3. Borylation of cyclopropanes with [Ir(COD)OMe]2 
 
entry product GC yield (%)a isolated yield (%)b 
1 
 
72 48 
2 
 
54 44 
3 
 
60 54 
4 
  
58 40 
a Yield of boronate ester based on B2pin2 (1.0 mmol) determined by gas chromatographic analysis with 
isododecane as an internal standard. b Isolated yield following purification by silica-gel chromatography. 
Cyclobutanes also react under these conditions to give cyclobutylboronate esters 
(Scheme 6.3). The reaction of chlorocyclobutane occurred in modest yield (ca. 40%) and 
a number of different isomers were formed. High levels of site selectivity and 
diastereoselectivity are unlikely to be achieved with mono-substituted cyclobutanes. On 
the other hand, the reaction of a 1,2-cis-disubstituted cyclobutane gave only one 
stereoisomer of the product in modest yield. Unfortunately, attempts to isolate this 
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borylation product were unsuccessful due to its instability towards silica gel and the 
conversion to the trifluroborate salt. With the favorable substitution patterns, this 
borylation reaction could be a powerful method to access cyclobutylboronate esters. This 
will be the subject of future studies.  
 
Scheme 6.3. C-H borylation of cyclobutanes. 
The cyclopropylboronate esters that are formed in these reactions are versatile 
synthetic intermediates that can be converted to a number of other products (Scheme 6.4). 
The cyclopropylboronate ester was converted to the trifluoroborate salt under standard 
conditions in the presence of KHF2 (aq) in MeOH in good yield. In addition, the same 
boronate ester was converted into the boronic acid in the presence of NaIO4 and HCl (aq). 
Cyclopropylboronic acids and trifluoroborate salts are known to undergo Suzuki-Miyaura 
cross-coupling reactions in good yields.11-12,14 Cyclopropylboronic acids also react in Cu-
mediated oxidative coupling reactions with amines.15-16 
R
H
+    B2pin2
(!6-mes)Ir(Bpin)3 (6 mol %)
2,9-Me2phen (6 mol%)
THF, 90 ºC, 12 h R
Bpin
Cl
Bpin
ca. 40%
4 isomers + diborylation
O
O
O
H
H
Bpin
60% by NMR
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Scheme 6.4. Functionalization of cyclopropylboronate esters 
Conditions: a. KHF2 (aq, 4.5M, 5 equiv), MeOH, 22 °C, 3 h, 82% yield; b. NaIO4 (1.5 equiv), HCl (aq, 
1M, 1 equiv), 22 °C, 12 h, 74% yield; c. 4-bromoanisole (1.5 equiv), Pd(dba)2 (5 mol %), PCy3 (10 mol %), 
KOt-Bu (3 equiv), THF, 100 °C, 12 h, 50% yield; d. NaOH (aq, 1M), H2O2 (30%, 2 equiv), THF, 0 °C, 30 
min, 83%; e. nBu-Li (5 equiv), MeONH2 (5 equiv), THF, -78 °C – 60 °C, 12 h; Boc2O (5 equiv), 22 °C, 1h, 
40% yield.  
Like their pinacol-substituted arylboronate ester counterparts, these pinacol-
substituted cyclopropylboronic esters are less reactive than the corresponding boronic 
acids and boronic esters of less hindered diols. Thus, the conversion of the pinacol-
substituted cyclopropylboronate esters from the C-H activation process into other 
functionalized cyclopropanes was more challenging. Nevertheless, conditions were 
developed for cross-coupling, oxidation and amination of the cyclopropylboronate esters.  
The cyclopropylboronate ester containing a carbonyl group was found to undergo 
Suzuki-Miyaura cross-coupling. The reaction of this cyclopropylboronate ester with 4-
bromoanisole occurred in the presence of Pd(dba)2 and PCy3 as catalyst and KOt-Bu as 
base to give the aryl cyclopropane in 50% yield. The identity of the base was important 
for this reaction to occur in high conversion. Reactions conducted with inorganic bases, 
R
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MeO2C
B(OH)2
MeO2C
BF3KAr
Ar = p-OMeC6H4
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such as hydroxide, fluoride, or carbonate, occurred to lower overall conversion (<20%) of 
the cyclopropylboronate ester. 
In addition, the cyclopropylboronate ester was converted to the cyclopropanol in 
the presence of NaOH (aq) and hydrogen peroxide in THF at 0 °C in good yield. It was 
necessary to conduct the reaction at low temperature and short reaction times to eliminate 
over oxidation and fragmentation of the cyclopropane, but the cyclopropanol derived 
from decylcyclopropane formed in 83% yield under these carefully controlled conditions. 
Finally, the borylcyclopropane was converted to the corresponding cyclopropylamine. So 
far, Cu-mediated oxidative coupling reactions of cyclopropylboronate pinacolate esters 
with amines (Chan-Lam coupling reactions) have not generated cyclopropylamine 
products. However, the trans-1,2-decylcyclopropylboronate ester formed by C-H 
borylation was converted to the corresponding protected amine by a procedure recently 
reported by Morken and co-workers.29 The boronate ester was treated with deprotonated 
MeONH2, followed by treatment with excess Boc2O to generate the protected 
aminocyclopropane in modest yield.  
6.3 Conclusions 
In conclusion, we have identified a catalyst and conditions for the intermolecular 
borylation of cyclopropane C-H bonds. These reactions occur in good yields with good 
diastereoselectivity favoring the trans isomer with the new iridium catalyst ligated by 2,9-
Me2phen. The borylation of cyclobutanes occurs under the same conditions as 
cyclopropanes, but more studies are required to extend this to a synthetically useful 
reaction. The products of these reactions are versatile synthetic intermediates that 
undergo a series of transformations to substituted cyclopropanes. 
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6.4 Experimental 
General Details 
All borylation reactions were conducted under an atmosphere of argon in an Innovative 
Technologies glovebox. The conversion of the cyclopropylboronate esters to boronic 
acids, trifluoroborate salts, and alcohols were conducted under an atmosphere of air in 
vials sealed with Teflon-lined caps with commercial reagents that were used as received. 
All other reactions were conducted under an argon atmosphere unless otherwise noted. 
The THF used for the borylation reactions was degassed by purging with argon for 45 
min and then dried with a solvent purification system using a 1 m column containing 
activated alumina. Cyclohexane (anhydrous) and Bu2O (anhydrous) were purchased from 
Sigma-Aldrich and used as received. (!6-mesitylene)Ir(Bpin)3 was prepared in two steps 
from [Ir(COD)Cl]2 (obtained from Johnson-Matthey) according to literature procedure.23 
[Ir(COD)OMe]2 was obtained from Johnson-Matthey and stored at -35 °C in the 
glovebox. 3,4,7,8-Tetramethylphenanthroline, 4,4’-di-tert-butyl-2,2’-bipyridine, and 2,9-
dimethylphenanthroline were purchased from Sigma-Aldrich and used as received.  
Flash column chromatography was performed on Silicylce Siala-P silica gel.  Borylation 
products were visualized on TLC plates by staining with ceric ammonium molybdate 
(CAM). GC-MS data were obtained on an Agilent 6890-N GC system containing an 
Alltech EC-1 capillary column and an Agilent 5973 mass selective detector. NMR 
spectra were acquired on 400 MHz, 500 MHz, or 600 MHz Bruker instruments at the 
University of California, Berkeley NMR facility.  Chemical shifts are reported in ppm 
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relative to a residual solvent peak (CDCl3 = 7.26 ppm for 1H and 77.16 ppm for 13C; 
(CD3)2SO = 2.50 ppm for 1H and 39.52 ppm for 13C, CD3OD = 3.31 ppm and 49.00 for 
13C). The resonances for the carbon atoms attached to boron were not observed due to the 
boron quadrupole. Although the methyl groups on the carbon atoms of the Bpin unit are 
diastereotopic in the chiral cyclopropane derivatives, the 1H and 13C signals due to these 
two methyl groups overlap in most cases. Mass spectrometric analyses were performed at 
the University of California, Berkeley Mass Spec Center.  
 
General Procedure for Cyclopropane Borylation 
 
In an argon-filled glove box, bis(pinacolato)diboron (B2pin2) (127 mg, 0.500 mmol), (!6-
mesitylene)Ir(Bpin)3 (13.9 mg, 0.0200 mmol), and 2,9-dimethylphenanthroline 
(Me2phen) (4.1 mg, 0.020 mmol) were combined in a 4 mL vial with a stirbar. The 
substrate (0.625 mmol) and isododecane (85 mg) were added to the vial. The reagents 
were dissolved in THF, and the vial was sealed with a Teflon-lined cap. The reaction was 
heated to 90 °C for 12 h in a heating block. The solution became dark red upon heating. 
The progress of the reaction was monitored by gas chromatography. Typically, the 
reaction turned black or dark green in color upon completion. The volatile materials were 
evaporated under reduced pressure, and the crude boronate ester was isolated by column 
chromatography on silica gel with a gradient of 100:0 to 85:15 pentane:Et2O.  
General Procedure for Cyclopropane Borylation with [Ir(COD)OMe]2 
 
In an argon-filled glove box, B2pin2 (127 mg, 0.500 mmol), [Ir(COD)OMe]2 (17 mg, 
0.025 mmol, 5.0 mol %), and Me2phen (10. mg, 0.050 mmol, 10. mol %) were combined 
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in a 4 mL vial with a stirbar. The substrate (0.625 mmol) and isododecane (85 mg) were 
added to the vial. The reagents were dissolved in THF, and the vial was sealed with a 
Teflon-lined cap. The reaction was heated at 100 °C for 24 h in a heating block. The 
solution became dark red upon heating. The progres of the reaction was monitored by gas 
chromatography. Typically the reaction turned black or dark green in color upon 
completion of the reaction. The volatile materials were evaporated under reduced 
pressure, and the crude boronate ester was isolated by column chromatography on silica 
gel with a gradient of 100:0 to 85:15 pentane:Et2O.  
2-bromocyclopropane boronic acid pinacol ester 
 
The reaction was performed according to the general procedure with 
bromocyclopropane (78 mg), B2pin2 (127 mg), and 4 mol % of (!6-
mesitylene)Ir(Bpin)3 and Me2phen to give 81% yield of the boronate ester, as determined 
by gas chromatographic analysis. 1H NMR (500 MHz, CDCl3) ! 2.99 (dt, J = 6.6, 4.2 Hz, 
1H), 1.21 (s, 12H), 1.06-1.16 (m, 2-overlapping peaks, 2H), 0.43 (ddd, J = 11.1, 7.6, 4.3 
Hz, 1H). 13C NMR (125 MHz, CDCl3) ! 83.9, 25.0, 19.4, 15.0. 11B NMR ! 31.6. EIHR 
calc’d (79Br, 11B) 246.0427, found 246.0426. 
2-methoxycarbonylcyclopropane boronic acid pinacol ester 
 
 The reaction was performed according to the general procedure 
with methyl cyclopropanecarboxylate (63 mg), B2pin2 (127 mg), and 
4 mol % of (!6-mesitylene)Ir(Bpin)3 and Me2phen to give 76% yield of the boronate 
ester, as determined by gas chromatographic analysis. The major diastereomer was 
determined by NOESY spectroscopy, and the data are listed on the spectra. 1H NMR (500 
Bpin
Br
Bpin
MeO2C
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MHz, CDCl3) ! 3.66 (s, 3H), 1.76 (dt, J = 7.7, 4.9 Hz, 1H), 1.21-1.23 (2-overlapping 
peaks, 13H), 0.99 (td, J = 7.6, 3.1 Hz, 1H), 0.57 (ddd, J = 10.3, 7.5, 5.2 Hz, 1H). 13C 
NMR (151 MHz, CDCl3) ! 175.1, 83.8, 52.0, 25.0, 18.7, 13.3. 11B NMR ! 31.2. EIHR 
calc’d (11B) 226.1376, found 226.1379. 
2-(cyclopropanecarbonyl) cyclopropane boronic acid pinacol ester 
 The reaction was performed according to the general procedure with 
dicyclopropyl ketone (165 mg, 3.00 equiv), B2pin2 (127 mg), and 4 
mol % of (!6-mesitylene)Ir(Bpin)3 and Me2phen to give 96% yield of 
the boronate ester, as determined by gas chromatographic analysis. 1H 
NMR (500 MHz, CDCl3) ! 2.17 (dt, J = 7.6, 4.9 Hz, 1H), 2.01 (tt, J = 7.9, 4.6 Hz, 1H), 
1.29-1.22 (m, 2-overlapping peaks, 13H), 1.08-1.00 (m, 2-overlapping peaks, 3H), 0.89 
(ddd, J = 12.5, 8.0, 4.5 Hz, 2H), 0.68 (ddd, J = 10.2, 7.5, 5.1 Hz, 1H). 13C NMR (151 
MHz, CDCl3) ! 210.04, 83.58, 26.46, 24.83, 20.44, 15.02, 10.95. 11B NMR ! 31.2.  
ESIHR (11B) calc’d 237.1657, found 237.1657. 
2-cyanocyclopropane boronic acid pinacol ester 
  The reaction was performed according to the general procedure with 
cyanocyclopropane (42 mg), B2pin2 (127 mg), and 4 mol % of (!6-
mesitylene)Ir(Bpin)3 and Me2phen to give 76% yield of the boronate ester, as determined 
by gas chromatographic analysis.  1H NMR (600 MHz, CDCl3) ! 1.49 (br m, 1H), 1.25 (d, 
J = 5.9 Hz, 1H), 1.21 (s, 12H), 1.09 (br s, 1H), 0.60 (br s, 1H). 13C NMR (151 MHz, 
CDCl3) ! 121.88, 84.10, 82.83, 24.43, 12.21, 1.65.  11B NMR ! 31.3. EIHR calc’d (11B) 
193.1274, found 193.1277. 
2-(4,4,5,5-tetramethyl-1,3-dioxolan-2-yl)cyclopropane boronic acid pinacol ester 
 
Bpin
NC
O
Bpin
H
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 The reaction was performed according to the general procedure 
with 2-cyclopropyl-4,4,5,5-tetramethyl-1,3-dioxolane (106 mg), 
B2pin2 (127 mg), and 4 mol % of (!6-mesitylene)Ir(Bpin)3 and 
Me2phen to give 76% yield of the boronate ester, as determined by gas chromatographic 
analysis. 1H NMR (600 MHz, CDCl3) ! 4.32 (d, J = 7.0 Hz, 1H), 1.23 (2-overlapping 
peaks, 7H), 1.20 (s, 6H), 1.19 (s, 6H), 1.17 (s, 6H), 0.71 (td, J = 7.1, 4.0 Hz, 1H), 0.62 
(dt, J = 9.0, 4.8 Hz, 1H), -0.07 (dt, J = 10.8, 6.0 Hz, 1H). 13C NMR (151 MHz, CDCl3) ! 
105.38, 83.14, 82.00, 81.72, 24.93, 24.76, 24.30, 24.03, 22.09, 22.03, 21.65, 7.37. 11B 
NMR ! 31.6. EIHR calc’d (11B) 281.1924, found 281.1930. 
2-decylcyclopropane boronic acid pinacol ester 
 
 The reaction was performed according to the general procedure with 
decylcyclopropane (273 mg, 3.00 equiv), B2pin2 (127 mg), and 6 mol 
% of (!6-mesitylene)Ir(Bpin)3 and Me4phen in cyclohexane at 100 ºC to give 57% yield 
of the boronate ester, as determined by gas chromatographic analysis.1H NMR (500 
MHz, CDCl3) ! 1.36 (ddd, J = 10.6, 6.5, 3.3 Hz, 2H), 1.33-1.24 (overlapping peaks, 
17H), 1.22 (s, 12H), 0.92-0.86 (2-overlapping peaks, 4H), 0.65 (m, 1H), 0.38 (ddd, J = 
8.8, 5.2, 3.3 Hz, 1H), -0.43 (dt, J = 9.4, 5.8 Hz, 1H).13C NMR (151 MHz, CDCl3) ! 
82.66, 35.18, 31.88, 29.87, 29.64, 29.59, 29.56, 29.40, 29.31, 24.61, 22.64, 18.26, 14.06, 
11.36. 11B NMR ! 32.8. EIHR calc’d (11B) 308.2887, found 308.2892. 
2-pivaloyloxymethylcyclopropane boronic acid pinacol ester 
 The reaction was performed according to the general procedure 
with cyclopropylmethyl pivalate (234 mg, 3.00 equiv), B2pin2 (127 
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mg), and 6 mol % of (!6-mesitylene)Ir(Bpin)3 and Me2phen in cyclohexane at 100 ºC to 
give 59% yield of the boronate ester, as determined by gas chromatographic analysis. 1H 
NMR (600 MHz, CDCl3) ! 4.00 (dd, J = 11.2, 6.3 Hz, 1H), 3.81 (dd, J = 11.0, 8.6 Hz, 
1H), 1.32 (dd, J = 12.5, 6.2 Hz, 1H), 1.19 (s, 12H), 1.17 (s, 9H), 0.72 (br m, 1H), 0.59 
(dd, J = 9.1, 4.1 Hz, 1H), -0.20 (br m, 1H). 13C NMR (151 MHz, CDCl3) ! 178.56, 83.15, 
68.52, 38.86, 27.29, 24.79, 16.54, 9.53.  11B NMR ! 32.6. EIHR calc’d (11B) 282.2002, 
found 282.2009. 
2-pivalamidomethylcyclopropane boronic acid pinacol ester 
 The reaction was performed according to the general procedure 
with N-cyclopropylmethyl pivalamide (233 mg, 3.00 equiv), 
B2pin2 (127 mg), and 6 mol % of (!6-mesitylene)Ir(Bpin)3 and Me2phen in cyclohexane 
at 100 ºC to give 65% yield of the boronate ester, as determined by gas chromatographic 
analysis. 1H NMR (600 MHz, CDCl3) ! 5.68 (s, 1H), 3.30 – 3.24 (m, 1H), 3.06 – 2.98 (m, 
1H), 1.20 (s, 12H), 1.18 (s, 9H), 0.75 (br s, 1H), 0.53 (dd, J = 9.1, 4.1 Hz, 1H), -0.28 (m, 
1H). 13C NMR (151 MHz, CDCl3) ! 178.34, 83.24, 44.50, 38.77, 27.75, 24.83, 17.69, 
9.98. 11B NMR ! 32.5. EIHR calc’d (11B) 281.2162, found 281.2170. 
2-cyano-2-(ethoxycarbonyl)cyclopropyl boronic acid pinacol ester 
The reaction was performed according to the general procedure with 
ethyl 1-cyanocyclopropane carboxylate (87 mg), B2pin2 (127 mg), 
and 4 mol % of (!6-mesitylene)Ir(Bpin)3 and Me2phen to give 52% yield of the boronate 
ester, as determined by gas chromatographic analysis.  1H NMR (600 MHz, CDCl3) ! 
4.25 (q, J = 7.1 Hz, 2H), 1.86 – 1.73 (m, 1H), 1.70 (d, J = 9.2 Hz, 1H), 1.33 (t, J = 7.0 
Hz, 3H), 1.30 (s, 12H), 1.23 (m, 1H). 13C NMR (151 MHz, CDCl3) ! 168.00, 117.70, 
Bpin
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84.88, 63.12, 25.28, 21.99, 18.10, 14.22. 11B NMR ! 31.2. EIHR calc’d (11B) 265.1485, 
found 265.1487. 
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2,3-bis(methoxycarbonyl)cyclopropylboronic acid pinacol ester 
 The reaction was performed according to the general procedure with 
cis-1,2-dimethylcyclopropane carboxylate (78 mg, 1.0 equiv), B2pin2 
(190 mg, 1.5 equiv), and 6 mol % of (!6-mesitylene)Ir(Bpin)3 and 
Me2phen at 100 ºC for 4 h to give 67% yield of the boronate ester, as determined by gas 
chromatographic analysis. The minor diastereomer contained the two ester substituents 
trans to one another. 1H NMR (600 MHz, CDCl3) ! 3.68 (s, 6H), 2.15 (d, J = 7.2 Hz, 2H), 
1.30 (t, J = 7.2 Hz, 1H), 1.22 (s, 12H). 13C NMR (151 MHz, CDCl3) ! 170.16, 83.98, 
52.12, 25.87, 24.63.11B NMR ! 31.5. EIHR calc’d (11B) 284.1431, found 284.1431. 
Procedure for the conversion of cyclopropylboronate esters to boronic acids 
2-Methoxycarbonylcyclopropane boronic acid pinacol ester (113 
mg, 0.500 mmol, 1.00 equiv) was dissolved in a THF:H2O (4:1) 
mixture (1 mL) in a 4 mL vial with a stirbar. NaIO4 (160 mg, 0.75 mmol, 1.5 equiv) was 
added, and the suspension was stirred at 22 °C for 15 min. HCl (aq, 1.0 M, 0.50 mL) was 
added, and the mixture was stirred for 12 h. A white precipitate formed after ca. 1.5 h.  
After the completion of the reaction, H2O (10 mL) was added, and the boronic acid was 
extracted with EtOAc (4 x 25 mL). The combined organic layers were washed with H2O 
(20 mL) and brine (25 mL), dried with Na2SO4, filtered, and concentrated under vacuum 
to give a yellow solid. The solid was dissolved in 2 mL of ether and 4 mL hexanes. Slow 
evaporation of the solution gave a tan solid (53 mg) in 74% yield. 1H NMR (400 MHz, 
MeOD) ! 3.68 (s, 3H), 1.72 (dt, J = 7.6, 4.9 Hz, 1H), 1.14 (ddd, J = 10.2, 4.5, 2.7 Hz, 
1H), 0.96 (td, J = 7.5, 2.6 Hz, 1H), 0.61 (ddd, J = 10.2, 7.4, 5.2 Hz, 1H). 13C NMR (100 
MHz, MeOD) ! 177.01, 52.32, 19.08, 13.61. 11B NMR ! 29.6. 
B(OH)2
MeO2C
MeO2C
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Procedure for the conversion of cyclopropylboronate esters to trifluoroborate salts 
2-Methoxycarbonylcyclopropane boronic acid pinacol ester (113 
mg, 0.500 mmol, 1.00 equiv) was dissolved in MeOH (2 mL) in a 
20 mL vial containing a stirbar. An aqueous solution of KHF2 (4.5M, 2.2 mmol, 4.5 
equiv) was added to the vial. The solution was stirred at 22 °C for 6 h. The stirbar was 
removed, and the solution was concentrated via rotary evaporator at 30 torr and 45 °C. 
After the evaporation of the solvent under vacuum, the residual pinacol was removed by 
adding three portions of aqueous methanol (1:1) (4 mL) and further concentrating via 
rotary evaporator. The solid that was obtained was triturated with acetone (4 x 4 mL) and 
filtered through a plug of Celite.  The acetone solution was evaporated to yield a tan 
solid. The tan solid was dissolved in CH3CN (ca. 2 mL) and precipitated with cold Et2O 
to yield 84 mg of a white amorphous solid (82% yield). 1H NMR (400 MHz, DMSO) ! 
3.51 (s, 3H), 1.14 (m, 1H), 0.65 (d, J = 10.9 Hz, 1H), 0.50 (t, J = 7.4 Hz, 1H), -0.06 (br s, 
1H). 13C NMR (151 MHz, DMSO) ! 176.51, 50.73, 15.79, 12.54. 11B NMR ! 4.7. EIHR 
(-K) calc’d (11B) 167.0497, found 167.0498. 
Procedure for the Suzuki-Miyaura cross-coupling of cyclopropylboronate esters 
In an argon-filled glovebox, 2-(cyclopropanecarbonyl) 
cyclopropane boronic acid pinacol ester (71 mg, 0.30 mmol, 
1.0 equiv), 4-bromoanisole (84 mg, 0.45 mmol, 1.5 equiv), Pd(dba)2 (8.6 mg, 5.0 mol %), 
PCy3 (8.4 mg, 10. mol %) were added to a 4 mL vial containing a stirbar. A solution of 
KOt-Bu in THF (0.90 mL, 3.0 equiv) was added and the vial was sealed with a Teflon-
lined cap. The dark red reaction mixture was heated at 100 ºC for 12 h. After full 
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conversion of the boronate ester, as determined by gas chromatography, water (10 mL) 
was added, and the solution was extracted with EtOAc (3 x 20 mL). The organic layers 
were combined and washed with brine (20 mL), dried with Na2SO4, filtered, and 
concentrated under vacuum. The crude mixture was isolated by silica-gel 
chromatography with a gradient of 100:0 to 95:5 hexanes:EtOAc to give 32 mg of the 
product (50% yield) as a white solid. 1H NMR (500 MHz, CDCl3) ! 7.35 (d, J = 8.5 Hz, 
2H), 6.90 (d, J = 8.5 Hz, 2H), 3.84 (s, 3H), 1.85 (tt, J = 7.9, 4.6 Hz, 1H), 1.62 – 1.56 (m, 
2H), 1.18 (q, J = 3.5 Hz, 2H), 0.98 (dt, J = 7.0, 3.5 Hz, 2H), 0.71 (dt, J = 7.0, 3.5 Hz, 
2H). 13C NMR (151 MHz, CDCl3) ! 210.96, 158.90, 133.34, 132.02, 114.07, 55.42, 
36.82, 18.83, 18.60, 11.76, 10.69. EIHR calc’d 216.1150, found 216.1153.  
Procedure for conversion of cyclopropylboronate esters to cyclopropylamines 
The procedure for the formation of the cyclopropyl amine was 
adapted from a literature procedure by Morken and co-workers.29 
A solution of MeONH2 in THF (0.62 mL, 3.2 M, 2.0 mmol, 5.0 equiv) was added to a 
dry side-arm round bottom flask sealed with a nitrogen inlet through a septum and a 
Teflon stopper containing a stirbar under an atmosphere of nitrogen and diluted with THF 
(4 mL).  The reaction flask was cooled to -78 ºC in a dry ice/acetone bath. A solution of 
nBu-Li in hexanes (1.2 mL, 1.6 M, 2.0 mmol, 5.0 equiv) was added dropwise, and the 
solution was stirred at -78 ºC for 30 min. A solution of 2-decylcyclopropane boronic acid 
pinacol ester in THF (0.40 mmol in 1 mL THF) was added dropwise, and the solution 
was allowed to warm to room temperature. The flask was sealed with a Teflon stopper, 
and the solution was heated at 60 ºC for 12 h. The reaction only occurred to 80% 
conversion by gas chromatography. Additional MeONH2 and n-Bu-Li did not increase 
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the conversion. After 12 h, the reaction was allowed to cool to room temperature, and 
Boc2O (440 mg, 2.0 mmol, 5.0 equiv) was added as a solid. The reaction was stirred for 1 
h and then slowly quenched with H2O (10 mL). The aqueous layer was extracted with 
EtOAc (3 x 25 mL). The combined organic layers were washed with brine, dried with 
Na2SO4, filtered and concentrated under vacuum to give the crude protected 
cyclopropylamine. The product was purified by silica-gel chromatography with a 
gradient of 10:90 to 20:80 EtOAc:hexanes to give a white solid (47 mg) in 40% yield. 1H 
NMR (600 MHz, CDCl3) ! 4.59 (s, 1H), 2.23 (s, 1H), 1.46 (s, 9H), 1.38 (br s, 3H), 1.32 – 
1.20 (overlapping peaks, 16H), 1.12 (br s, 1H), 0.87 (t, J = 7.0 Hz, 3H), 0.79 (br s, 1H), 
0.59 (s, 1H), 0.47 (br s, 1H). 13C NMR (151 MHz, CDCl3) ! 156.73, 79.37, 58.61, 32.54, 
32.06, 29.80, 29.77, 29.75, 29.60, 29.48, 29.08, 28.56, 22.83, 18.58, 14.25, 13.97. EIHR 
calc’d 282.2433, found 282.2430. 
Procedure for oxidation of cyclopropylboronate esters 
2-decylcyclopropane boronic acid pinacol ester (62 mg, 0.20 mmol, 
1.0 equiv) was dissolved in THF (0.4 mL) in a 4 mL vial with a 
stirbar. An aqueous solution of NaOH (0.20 mL, 0.20 mmol, 1M) was added, and the 
solution was cooled to 0 ºC. A solution of H2O2 (0.040 mL, 30%, 2.0 equiv) was added 
dropwise. A white precipitate formed within 10 min. After 30 min, full conversion was 
observed by TLC and gas chromatographic analysis. Water (5 mL) was added, and the 
mixture was extracted with Et2O (3 x 15 mL). The combined organic layers were washed 
with brine, dried with MgSO4, filtered, and concentrated under vacuum. The crude 
mixture was purified by silica-gel chromatography (20:80 Et2O:hexanes) to give a 
colorless oil (32 mg) in 83% yield. 
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 1H NMR (600 MHz, CDCl3) ! 3.19 (dt, J = 6.6, 2.4 Hz, 1H), 1.99 (s, 1H), 1.36 (dt, J = 
14.4, 4.6 Hz, 2H), 1.31 – 1.17 (overlapping peaks, 15H), 1.08 (dq, J = 14.5, 7.3 Hz, 1H), 
0.93 – 0.85 (2-overlapping peaks, 4H), 0.67 (ddd, J = 9.7, 5.5, 2.8 Hz, 1H), 0.29 (q, J = 
6.0 Hz, 1H). 13C NMR (151 MHz, CDCl3) ! 52.72, 31.84, 31.60, 29.59-29.56 (3 peaks), 
29.34, 29.28, 28.90, 22.62, 20.87, 14.37, 14.04. EIHR calc’d 198.1984, found 198.1985. 
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